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Faraday rotation in a study of charged excitons in Cd_,Mn,Te
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Interband Faraday rotation is usually interpreted as resulting from a difference in refractive indices caused
by the Zeeman effect in a magnetic field. We show that, in the case of transitions due to the creation of excitons
in semiconductor quantum wells containing charge carriers, a strong dependence of the line amplitude on the
circular polarization in the presence of a magnetic field can also generate Faraday rotation. The spectral
dependence of this Faraday rotation is completely different from that in the usual case. We demonstrate that the
amplitude-related Faraday effect can dominate the rotation spectrum of charged excitons. We show that the
Faraday rotation is particularly useful in studies of excitons in quantum wells with two-dimensional carrier gas
where line intensities vary strongly with magnetic field.
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[. INTRODUCTION low magnetic field is essential to separate occupation effects
from the influence of magnetic field on excitonic wave func-
Faraday rotation is a classical magneto-optical effections (occurring at higher fields The Faraday rotation
which has also been studied in semiconductors in relation tehethod used for highly sensitive, quantitative line intensity
various types of optical transitio’s* Research on the Far- studies even at very low magnetic fields is capable of giving
aday rotation is especially attractive due to possible applicaconsiderable insight into these problems. To obtain a strong
tions in optical insulators. Usually the rotation spectra ardnfluence of a magnetic field on optical transitions, we used
described assuming that a magnetic field induces a splittin§eMimagnetic - semiconductors  known for their giant

of the circularly polarized transitions, but changes neither thdnagneto-optical effectS. We are convinced that Kramers-
oscillator strength nor the linewidth of each component.Kronlg consistency between transmission and Faraday rota-

Such an assumption was made in Ref. 4 in the case of th'on (or reflectivity and Kerr rotationis an important test of
L L : the experimental results. Such tests have been performed in
excitonic transition in CdTe-Gd ,Mn,Te quantum wells, . Y]
. ransmissiofiand reflectivity® geometry for quantum wells
and good agreement was found between transmission d

d Farad tation data. H d il dl thout carriers. In this work we handle quantum wells with
an a;]ra ay rotation ?a. owe\{)er, un erl.spect;a coré Carriers that strongly modify the optical properties in the
tions, the gomponents_o » Say, an a s_orpt|0n In€ observed 18y citonic region. We find that the experimental spectra of
the two circular polarizations can differ not only in their

ha ; < " ) : Cd,_Mn,Te-Cd,_,_,Zn Mg, Te quantum wells with an
energy positions, but also in their intensities and “”eW'athS-electron or hole two-dimensional gas of low density, ob-

Then a completely different spectrum of the resulting Faraseryed in both transmission and Faraday rotation, can be re-

day rotation can be expected. Such a possibility in a reflecproduced only if the model incorporates both the splitting
tion configuration(magneto-optical Kerr effegtvas consid-  and a change of the oscillator strengths.

ered by Budaet al® for CdTe/Cd_,Mn,Te superlattices.
However, within the approximations they used, the ampli-
tude variation could only modify the Kerr rotation but not
generate it. Two specially designed samples were used in order to
A particularly interesting case of intensity-related Faradayassure three different regimes of experimental conditions: a
effect has been observed for charged excitons in quantumuantum well intentionally without carriers, a quantum well
wells in the present work. Charged excitons, predicted theoeontaining a hole gas, and one containing an electron gas. In
retically in the 1950¢,became a very hot topic in 1993 when the case of the “empty” quantum well the only optical tran-
their existence in quantum well structures was experimensition is related to neutral exciton formation. In the two other
tally confirmed® One of the important issues in studies of cases the carrier concentration was chosen such that both the
charged excitons is the oscillator strength of excitonic lineseutral and the charged exciton transitions were observable.
and its variation under influence of magnetic field, temperaThe material of the quantum well (¢€d,Mn,Te) was cho-
ture changes, eftAs pointed out in Ref. 9, application of a sen because of the giant Zeeman splitting, which ensures a
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significant influence of a small magnetic field on optical tran-ferent relative angles between the polariz&se to the
sitions. The quantum well widtli80 A) and the low Mn angle of minimum transmissidmwere recorded. Usually we
concentration X<<0.01) assure a very small line broadening measured nine spectra with an angular step of 1°. The mini-
resulting from chemical disorder in the mixed material andmum transmission angle for each wavelength was deter-
from the interface roughness. At the same time, the Mn momined by fitting a parabolé&aapproximating cosine squared
lar fraction is high enough to produce a significant Zeemardependence close to its extremutoe the angular depen-
splitting (over ~5 meV) in a magnetic field 5 T and at a  dence of transmission. This procedure is not sensitive to dif-
temperature of 1.5 K. ferences in the sensitivity between the columns of the CCD
Both samples were grown by molecular beam epitaxymatrix corresponding to different wavelengths. The cold
(MBE). Sample A was grown in a MBE chamber equippedwindows of the cryostat were mounted stress-free, assuring a
with a home-designed electron cyclotron resonance plasmaw level of stress-induced birefringence, corresponding to a
cell as a nitrogen source fprtype doping'? The modulation  phase shift below %1072 rad between the linear polariza-
p-doped structure studied consists of a single quantum wetions parallel and perpendicular to the stress direction. We
(QW) of Cd;_,Mn,Te (x=0.0018) embedded between checked that this low stress-induced birefringence did not
Cdy 6eMgg 2ZNg o7Te barriers grown pseudomorphically on a introduce any significant perturbation of the measured rota-
(100 Cdy gZng 15T€ substrate. Such a layout provides a largetion angle. Nevertheless, all the measurements were per-
confinement energy for the holes in the quantum well, at théormed for light polarization close to the strain direction, to
same time minimizing the effects of the lattice mismatch.obtain the highest ratio of intensities between the crossed and
Nitrogen doped regions in both barriers are located at a disparallel polarizergabout 5< 10°°). For best accuracy, the
tance of 700 A from the QW. Furthermore, in order to reduceFaraday rotation angle for each wavelength was determined
depletion effects, two additional nitrogen doped layers residas one-half of the difference between the minimum transmis-
at a distance of 1000 A from the QW on both sides. Thesion angles in the case of two opposite directions of the
equilibrium hole concentration in the doped structure is ofmagnetic field. In this way we also get rid of possible sample
the order of 18" cm™2, as estimated from the nominal struc- birefringence, which was not very important for the present
ture parameters. The concentration of the hole gas was cosamples but can be strongly wavelength dependent in the
trolled by additional illumination with light of energy higher excitonic region for axial crystals. The presented procedure
than the energy gap of the barrier material. Such illuminatiorallows us to obtain a relative accuracy of Faraday rotation
decreases the concentration of the hole gas in the quantuamgle better than (I¢)° (10 * rad) even though the accu-
well. The mechanism of the suppression effect is based oracy of a single positioning of a polarizer was about 0.15°.
the diffusion of electrons excited by the light to the conduc-That is comparable with the typical sensitivity of the modu-
tion band of the barrier. These electrons neutralize the hol&@tion techniqudsee, e.g., Krenet al®. This high relative
gas and under continuous illumination the system approachescuracy of the present method comes from the fact that at a
a steady state with a reduced hole gas concentrégmmRef.  given polarizer angle we collect the whole spectrum, so any
9 for detailg. This process is so efficient that under moderatemispositioning of the polarizer causes systematic errors that
illumination by a halogen lamp no transition related toare approximately the same for the whole spectrum. We pre-
charged exciton formation is observed. fer this “absolute” method to modulation techniques, which
Negatively charged excitorn¥~ were studied in sample are based on intensity measurements and require a calibra-
B. In this sample, the quantum well made of,CgMn, Te  tion.
was placed between ¢d /Mg, Te barriers x=0.0064, y Our measurements were limited to a low magnetic field
=0.24). Remote-type doping in the barrigiseparated from rangeB=<50 mT. We carefully checked that within the range
the QW by a 400 A spacer layewith iodine ions supplied used in the measurements Faraday rotation was precisely lin-
electrons to the well. This sequen(he well and the doped ear with changing magnetic field.
layen was repeated six times in the sample. The steplike
profile of the width of the doped layer resulted in discrete IV. MODEL
changes of carrier concentrations along the sample. Such a
design allowed us to pick up regions with different electron To describe the Faraday rotation at energies close to the
concentration by moving the light beam along theenergy of the excitonic transition we use a simple model
samplet®>!# The electron concentration in the region studiedassuming a Lorentzian energy dependence of the complex
in this work was of the order of & cm 2, as estimated dielectric functione:
from the nominal structure parameters.

e(E)=e€,+ —, 1)
1. EXPERIMENT Eo—E-il

The optical transmission was measured in a conventionavhereE, is the resonance energy aAdandI’ are the am-
setup with a halogen lamp and a 0.25 m grating monochroplitude and the width of resonance, respectively. The con-
mator with a charge-coupled devicé€CCD) detector. stante,. was determined from the low energy value of the
Samples were mounted strain-free and immersed in superefraction coefficient in CdT& equal to 2.7 ah=2.5 um,
fluid helium. Two linear polarizers were placed in front of and yieldinge.,=7.29. The real refractive index and the
and behind the sampleutside the cryostatSpectra for dif-  extinction coefficient« were calculated to satisfy the well
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FIG. 1. Theoretical Faraday rotation spectrght pane] and
corresponding absorption spectra for two circular polarizatitefs
pane), resulting from the Zeeman splittingipper plotg, the am-
plitude variation(middle plotg, and the linewidth variatiorflower
plots). For the two upper plots realistic parameters were y§&d
magnetic fields of the order of 0.05).TThe range ofAT" in the
lowest plot is exaggerated.

Optical density  4n()

known relation between the complex refractive index
+ix and the dielectric functiom,

e(E)=[n(E)+ix(E)]*. ) s

The electronic bands split in an applied magnetic field 1632]
into different spin subbands, resulting in the splitting of the
absorption lines observed in two circular polarizatians I
and o~ . In this case one obtains Faraday rotation of the g“m
polarization plane by an angle 1629

Ed T
O(E)= o [n(E)=n_(B)], (3) Magnetic Field (T)

. o . L FIG. 2. Sample A under strong illumination &t=1.6 K. (a)
wheren.. is the refractive index for circular polarizations Experimental absorption &= 0. Solid line represents the fit of the

and o, respectively, andl is the layer thickness. In this apsorption model to the datthe parameters of the fit are displayed
work we adopt an approximation neglecting multiple reflec-in the figure. (b) Experimental Faraday rotatiofcircles at B
tions in the sample. A correct description of transmission=0.05 T. Fit to the data with\A and AE, as free parameters is
and/or reflectivity including interference effects requires adisplayed as the solid linéc) Experimental absorption in two cir-
detailed knowledge of the sample structdiecluding thick-  cular polarizations¢* open circlesi~ full circles) at B=0.05 T.
ness of all the layers of the sample and their optical conSolid lines represent calculated absorption within a model described
stants. Such parameters are not available with sufficient prea the text with parameters obtained from fits presenteg)jrand
cision for real structures. We justify this approach in the(b). (d) Field dependence of exciton energies obtained from trans-
spirit of general linear response theﬁﬂoy noting that the  mission spectra in two circular polarizations. Solid lines represent a
logarithm of transmissioft is linked to the doubled phase fit with the modified Brillouin function.

.Of the transmitted I'g.ht by Kramers-Krom@(K) relations _respect it in the Lorentzian model for the sake of simplicity
independently of the interference effects in the sample. Thig, yarizing, there is no doubt that the transmitted light is
comes from the fact that the logarithm of transmission andhtien strongly influenced by multiple reflections. However,
the doubled phase are real and imaginary parts of thge relation between the transmission coefficient and the
doubled logarithm of the amplitude transmission coeff|C|ent,phase of the transmitted ligiand therefore the Faraday ro-

t. The precise form of the KK relations will depend on the tation, equal to one-half of the phase differenskould not
symmetry of the log(w) function, which in the case of a depend significantly on the details of the sample structure, at
linear response is routinely deduced from the causalityeast for narrow spectral structures. This justifies the as-
principle!® However, in the case of a narrow spectral struc-sumed approximation, which will be tested experimentally in
ture this symmetry has little practical importan@ee do not  what follows.
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TABLE I|. Parameters of the fit to the experimental data described in the text. Measurements on 80 A
wide QW in sample A were performed Bt=0.05 T; the data for sample B containing six identical 80 A
wide QW'’s were taken aB=0.025 T.

Sample E, (meV) A (meV) I' (meV) AE, (meV) AA (meV)
Neutral exciton

A (strong illumination 1631.5 6.71 0.52 0.225 0.01

A (moderate illumination 1631.6 4.35 0.74 0.246 -1.19

B 1652.2 7.75 3.60 0.259 -0.03

Charged exciton
A (strong illumination
A (moderate illumination 1629.1 1.55 0.66 0.082 1.46
B 1646.6 3.61 1.68 0.149 0.22

If the dielectric constant remains Lorentzian in the mag-—E,,), the intensity variation {A=A_—A.), and a con-
netic field, Faraday rotation may be caused by a change aftant background, the last resulting from sample absorption
the resonance energyeeman splitting a change of the unrelated to the absorption line considered as well as due to
resonance amplitude, or a change of its linewidth. Exampleghe Faraday rotation by the cryostat windows. Figute) 2
of spectra resulting from different contributions are pre-compares the experimental absorption in two circular polar-
sented in Fig. 1. Most characteristic is the shape of the speg;ations and the absorption model calculated with the param-
trum of Faraday rotation resulting from the Zeeman splitting.eters obtained from the zero-field transmission and the Far-
The spectrum is symmetric and dominated by a strong lingay rotation fitno additional adjustments were mad@ur
with a maximum at the resonance energy. The two otheg, e jation reproduces precisely both absorption spectra
mechanisms lead to asymmetric shapes. We assumed furthar., | though the model does not reproduce perfectly the
that the dielectric constant for both polarizations remaingShape of the Faraday rotation spectrum.

Lorentzian, and only the resonance energy and the amplitude The Zeeman splitting obtained from the Faraday spectra
of resonance may change. As we show below, changes of the

linewidth can be neglected, which reduces the number of'as preC|ser' checlfed by performing a transmission mea-
parameters. surement at higher fieldsip to 5 T). In the case of a neutral

exciton transition in the Cd ,Mn,Te quantum well studied
the Zeeman splitting is described by a modified Brillouin
functiorf in the whole range of magnetic field. The results
The first experiment was designed to check whether a fiof transmission measurements are presented in k). 2
to the Faraday rotation given by E¢B) renders a correct fit of high field data gives a Zeeman splitting Bt=0.05 T
value of the Zeeman splitting. We chose experimental conequal to 0.23& 0.002 meV, which corresponds well to the
ditions, such that only the line related to neutral exciton for-parameter of the Faraday {d.225 meV. The difference of
mation was observed in transmission spectra. In such a cagg@ . eV between the two values can be regarded as an es-
no amplitude variation is expected in magnetic fiél@&gure  timate of the precision of the Faraday rotation method. In the
2(a) shows a zero-field absorption spectrum of sample Acase of direct absorption measurements at the same low field
under strong above-the-barrier illumination, when most ofthe accuracy of the Zeeman splitting cannot be comparable,
the p-type carriers were neutralized. Only a neutral excitonyeing a difference in energetic positions of two lines at least
absorption line is observable. A fit of the absorption model 1000 1 eV wide. Similarly, the analysis of Faraday rotation
is superior with respect to the determination of amplitude
a(E)d= —— k(E) (4)  Vvariation in a magnetic field. We are able to demonstrate this
high precision of the Faraday rotation method only for ex-

shown in the figure describes the experimental data reasoR€NMents performed on a single quantum well. _
ably well. A linear background was additionally included in 1€ observed symmetric shape of the Faraday rotation
the fitting function. The line amplitude, the energy, and theSPectrum is character|§t|c for the case when the resonance
width (parameters, E,, andT’, respectively obtained from ~ €nergy splits but there is no change of the absorption ampl_l—
the transmission specttaee Table)lwere used for the fit of ~tude. The procedure allows us to determine the energy split-
the Faraday rotation. Opposite circular polarizations arding using the zero-field absorption and the Faraday rotation
equivalent to opposite signs of the magnetic field. Thereforépectrum. We would like to point out that our simple model
within the linear approximatioftested experimentally in our produces correct results for Zeeman splittings and relative
case variation of the line parameters is equal in magnitudeintensity changes without taking into account interference
and opposite in sign for the two polarizations. Thus the onlyeffects in the structurésee Ref. 21 for detailsThis means
remaining free parameters fitted to the experimental Faradaat these effects modify the transmission and the Faraday
rotation [Fig. 2(b)] were the Zeeman splittingAE=E,_ rotation spectra in a very similar way. Our test has been

V. RESULTS
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0.20 _-( Mewdodor ¢ 'B- T tion, when some holes remain in the quantum well and allow
- E,=1.63168V a ] formation of X* complexes. The two observed lines are re-
e Y 3 lated toX* (at the lower energyand the neutral excitofat

the higher energy Figure 3a) shows also a fit of two ab-
sorption peaks to the dafséhe second absorption line was
added in the dielectric function E@l)]. Figure 3b) shows

the Faraday rotation spectrum obtained from the sample. The
shape of the Faraday rotation spectrum is essentially differ-

010 |

Optical density  -In(l)

=3
&

0.00 ent from that expected for a sum of two symmetric structures
B o0s resulting only from the splitting of the transition energy. As
g in the case of a single line, the parameters resulting from a fit
5 %8 to the zero-field transmissiottenergies, amplitudes and
g 04 F Neutral oxstons = 5 widths of both liney were further used to fit the Faraday
> 02 AE =0.246 meV ‘ ] rotation. The solid line in Fig. ®) represents a fit with the
'g L AA=-119meV 1 energy splitting and the amplitude change for each of the
g 00 : lines as four free parameters. We stress here that it is not

02 possible to describe the experimental data without assuming

10 changes of the neutral exciton intensitig®@scillator
= | strength, and even combined effects related to the linewidth
§ 08 change and the Zeeman splitting are not sufficient. To dem-
& os | onstrate this fact we present in FighBas a dashed line the
g : results of a fit with allAA, AE, andAT" parameters set free
> 04 except for the amplitude changeA4) for the neutral exci-
'§ i ton line, which was arbitrary set to zero. Clearly the dashed
8 02 [ line is a much worse fit to the experimental data much worse
00 than the solid one. In further discussion we assume that the
020

parameters describing our data have to inclddeand AE
for both lines and that the linewidth changes are negligible.
Figure 3c) demonstrates the four components of the Faraday
rotation resulting from each of the fitted parameters sepa-
rately (either from the energy splitting or from the amplitude
change. Each component was calculated assuming that only
one of the four parameters describing the absorption varia-
tion differs from zero. It is clearly visible that the contribu-
: : L tion from the “amplitude” components is significant in this
1626 1628 Ener1gy630(eV) 1682 1634 case. Figure @) displays results of the absorption model
calculations for the two circular polarizations compared to
FIG. 3. Sample A under moderate illuminationTa: 1.6 K. () the experimental absorption values. The very good agree-
Experimental absorptio(tircles atB=0. The solid line represents ment between the model and the experiment indicates that
a fit of the absorption model to the dagarameters of the fit are the method allows us to derive exact quantitative information
displayed in the figune (b) Experimental Faraday rotatidoircles  about the energy splitting and the amplitude change from a
atB=0.05T. Solid line represents fit to the data wkiA andAE as  Faraday rotation experiment. It is worth noting that the neu-
free parameters for both lines. Dashed line represents fit with aljrg| exciton splitting does not depend on the concentration of
AA, AE, andAT" parameters free excepA for neutral exciton  the charge carriersindeed, the neutral exciton splittings ob-
line which was set to zerdc) Components of the Faraday rotation tained for both illumination intensities differ only by about
resulting from the intensity changédashed linesand the Zeeman 3%, which means that a fit of the Faraday rotation even for
effect (solid lineg for both absorption linesid) Experimental ab- 1, cjose lines that both split and change their amplitude is
sorption in two circular polarizationso(", open circlesio™, full o1y veliaple. Itis clearly visible that, unlike to the case when
circleg at B=0.05 T. Solid lines represent absorption calculatedy, .“p, 5 00 excitons were absent, there is a strong change of
within a model described in the text with parameters obtained fron{he amplitudes of both lines. This can be conveniently seen
fits presented ifa) and (b). - ) . .
in Fig. 3(d). One can also see the opposite sign of the am-
plitude change for th&X™ line and for the neutral exciton
successfully applied to structures where interference effectine, in agreement with the idea of intensity “stealing.”
are known to modify the apparent line intensities by a factor Sample B with a high electron concentration revealed a
from 0.5 to 1.5. strong absorption related to negatively charged excitons
The Faraday rotation method was used to study the beg-X"). Figure 4a) displays results of the Faraday rotation
havior of positively charged excitons in coexistence withexperiment together with a fit of the modglarameters de-
neutral excitons. Figure(& shows the zero-field absorption scribing the resonance energy, the amplitude, and the width
of sample A under intermediate above-the-barrier illumina-of both lines were obtained from a fit to zero-field absorp-

015 |

Otical density -Inl)

= ;
&

=3
8
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case. The four components of the Faraday rotation spectrum
are presented in Fig.(d). In this case, the components re-
lated to the amplitude change are not as important as in the
case ofX™. This reflects a difference in the conduction and
valence band splitting&he ratio of exchange constants for
the conduction and the valence bapnd g|=1/4; Ref. 22

that are essential for the spin polarization of carriers contrib-
uting to the formation of charged excitons.

(=]
W
I
)
L —4

Q¢
)
T T

Faraday rotation (deg)

VI. CONCLUSIONS

We have shown that Faraday rotation measurements on
semiconductor quantum wells provide quantitative informa-
tion not only on the Zeeman splitting values but also on the
line intensity variation with a magnetic field. In particular we
confirm a significant intensity variation of both neutral and
charged exciton lines in doped quantum wéllhe preci-
sion of the results obtained is much better than in the case of
direct absorption measurements performed at the kowe
value of the magnetic field. In this paper we presented data
obtained in relatively high magnetic fields, which allowed us

FIG. 4. () Experimental Faraday rotatideircles in sample B to compare the results obtained from the Faraday rotation
atT=1.8 KandB=0.025 T. The fit to the data is displayed as the experiment with directly measured polarized absorption. We
solid line. (b) Components of the Faraday rotation resulting from have shown that the quantitative accuracy of the determina-
intensity changegdashed lingsand the Zeeman effe¢solid lines  tion of contributions due to energy splitting and line intensity
for both absorption lines. changes on the basis of the Faraday rotation fits allows stud-

ies in magnetic fields lower by an order of magnitutmv
tion). The Zeeman splitting obtained of the neutral excitonfields may be of great importance in charged exciton stud-
(0.259 meV is in reasonable agreement with the value ofies). The Faraday rotation method presented can be also ap-
0.307+0.005 meV independently obtained from a fit to high plied for materials in which the actual splitting or amplitude
field data. This quantitative agreement is achieved althoughhanges are very smallery dilute or nonmagnetic systejns
the shape of the theoretical curve does not match the experi-
mental data as perfgqtly as in the caseXof The observed ACKNOWLEDGMENTS
discrepancy may originate from the fact that sample B con-
tains a multiple quantum well with slightly different param-  This work was partially supported by the KB{®oland
eters of individual quantum wells. These differences do noGrant Nos. PBZ 28.11 and 2P03B09418, and by the Polish-
allow us to exploit the full precision of the method in this French Collaboration Program Polonium.
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