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The photoluminescence from CdMgTe/Cd, ;MnO (;Te/CdMgTe/CdTe/CdMgTe
double quantum wells with Cd,¢;Mn, ,;Te well width of 46 ml (15 nm) and
with several various CdTe wells’ widths is experimentally studied at the
temperature of about 2 K in magnetic field up to 4.5 T in the region of
intersection of magnetic-field dependences of exciton lines for spatially
direct and spatially indirect exciton states. The discussed exciton lines
correspond to the direct exciton localized in the Cd,g¢;Mn,,;Te quantum
well and the indirect exciton with both the electron localized in the CdTe
well and the heavy hole localized in the Cd;4;Mn, ;Te one. The energies of
the exciton states are calculated within the variation approach. Differ-
ences between the magnetic-field dependences of the exciton lines in the
region of the lines’ intersection and far from this region are revealed in
experiments and are found in fulfilled calculations. As concluded, the re-
gion of these exciton lines’ crossing corresponds to the crossing of the
energy positions of lowest spatially-quantized state of the conductivity
electron in CdTe well with magnetic-field dependence of similar electron
state in Cd, ¢;Mn, ,;Te well.

ExcnepumenTanbuo BuBYasiaca (hOTONIOMIHECHEHINA Bif MOABIAHMX KBAHTO-
Bux am CdMgTe/Cd, ¢sMn, o;Te/CdMgTe/CdTe/CdMgTe 3 muprHOIO KBaHTO-
Bol aMu CdggsMny o;Te y 46 ma (15 HM) i 3 KinbKOMa pisHUMUN IIMPHUHAMH AM
CdTe 3a remmeparypu y 2 K ta y marmersomy moJi go 4,5 T B oxoui meperu-
HY MATrHETHOIIOJIbOBUX 3aJIeKHOCTEH EeKCUTOHHUX JIHIA s TPOCTOPOBO
MPsIMOr0 Ta IIPOCTOPOBO HempsaMOro excuToHiB. CrmocTeperkeHi eKCHTOHHI
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Jimii BimmoBiZalOTH IPAMOMY E€KCHUTOHY, JIOKaJIi30BaHOMY y KBaHTOBil swmi
Cd, sMn, ¢sTe, Ta HeIpAMOMY €KCHUTOHY 3 €JIeKTPOHOM, JOKAalIi30BaHUM y AMi
CdTe, i BamxKoIO gipKolo, JoKamtizoBaHolo y ami Cd,¢sMn, sTe. Ereprii excu-
TOHHHUX CTaHiB OyJIO po3paxoOBaHO y BapidAliiimomy migxoxmi. BusBieHi ekcme-
PUMEHTAJBLHO Ta YNCEJIbHUMM PO3PaxXyHKaMU BiIMiHHOCTI Yy MarHETHOIIOJILO-
BUX 3aJIE;KHOCTAX €KCHUTOHHUX JIIHiMl B OKOJII Ta BigmaJieKu Bif IXHBOTO mepe-
TUHAHHSA BiJIOBial0OTh IEePEeTUHY eHepriifi HaHMIKYOr'0 IIPOCTOPOBO KBAHTO-
BAaHOTO CTaHY ejJeKTpoHa mpoBimHoctu y aAmi CdTe Ta Mar€HeTHOmOJIBOBOI 3a-
JIeKHOCTH HaWHMKYOr0 IIPOCTOPOBO KBAHTOBAHOTO €JIEKTPOHHOIrO PiBHA y aMi
Cdy 9sMn, o5 Te.

OKcIepUMeHTaIbHO M3ydaeTcsd (DOTONIOMUHECIEHIINSA OT JBOMHBIX KBAaHTO-
Beix AM CdMgTe/Cd, gsMn, osTe/CdMgTe/CdTe/CdMgTe ¢ mupunOili AMBI
Cdy,9sMn, ¢sTe B 46 M1 (15 BEM) U C HECKOJBKUMHU Da3JUYHBIMU ITHPHHAMEI
am CdTe npu Temneparype okoso 2 K B marautHoMm moJie 1o 4,5 T B ob6aa-
CTU TepeceYeHns MarHUTHOIIOJIEBBIX 3aBUCUMOCTEl dKCUTOHHBIX JUHUH AJIA
IIPOCTPAHCTBEHHO MPSAMBIX U IPOCTPAHCTBEHHO KOCBEHHBIX SKCHUTOHHBIX CO-
croaauii. O6GCcy:xXnaeMble 9KCUTOHHBIE JIMHUU COOTBETCTBYIOT IIPAMOMY 3K-
CHUTOHY, JOKAJTHN30BAHHOMY B KBaHTOBOH same Cd,q;Mn,¢;Te, u KocBeHHOMY
9KCHUTOHY C BJIEKTPOHOM, JoKanns3oBaHHBEIM B ame CdTe, u Tamxénoil AbIpKe,
JoxanuzoBanHoil B aAme CdjgsMn,sTe. OHeprunu OSKCUTOHHBIX COCTOAHUM
PacCUMUTHIBAIOTCA B pPaMKaxX BapHAIMOHHOTO NoAXona. Pasnuuusa MexIy
MarHUTHOIIOJIEBEIMU 3aBUCUMOCTSIMU SKCHUTOHHBIX JIMHUN B 00JIacTH Iiepe-
ceueHUd JUHUN M BAAJU OT dTOi 00JIacTH OOHAPYKMBAIOTCS B DKCIEPUMEH-
TaxX W OOHAPYKHUBAIOTCSI B BBIMMOJHEHHBIX pacuérax. Ob0JacTh ImepeceueHUs
9TUX SKCUTOHHBIX JIMHUHI COOTBETCTBYET IIePECEUEeHUI0 HHEPTeTUYECKUX IIO-
3UIUII caMOT'0 HU3KOTO IPOCTPAHCTBEHHO-KBAHTOBAHHOTO COCTOSIHUS 3JIEK-
TpoHa npoBoguMocTu B AMe CdTe um MarHMTHOMOJIEBOII 3aBUCUMOCTHU aHAJO-
T'UYHOTO 3JIEKTPOHHOTO cocToaHUA B AMe Cdg¢sMny o5.

Key words: double quantum well, electron tunnelling, direct and indirect
excitons, giant spin splitting of the exciton branches.

Karouori croBa: moaBiiiHi KBaHTOBI AMU, €JIEKTPOHHE TYHEJIOBAHHS, IPAMIi
Ta HEONPsAMi eKCHUTOHH, TiraunTChKe CIIiHOBE PO3IIENJIeHHS eKCUTOHHUX CTa-
HiB.

KaioueBbie cjoBa: IBOIIHLIE KBAaHTOBBIE SIMEBI, DJEKTPOHHOE TYHHEJIHPOBA-
HUe, MpAMbIe U HEIPSIMBIE 9KCUTOHBI, TUTAHTCKOE CIIMHOBOE pAaCIlelJeHIe
SKCHUTOHHBIX COCTOSHMUI.

(Received 3 December, 2019)

1. INTRODUCTION

As it was theoretically substantiated and experimentally confirmed
about twenty years ago, in double quantum wells (2QWs), elementary
excitations of so-called indirect excitons (IXs) can be created. The
maxima of the wave functions of electrons and holes forming such
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excitons are localized in different adjacent quantum wells. Most of-
ten, experimental studies of IXs are carried out for symmetric double
wells in electric fields applied normally to the plane of the wells.
Such fields violate symmetry of wells in 2QW. The photolumines-
cence (PL) is usually observed from one out of two possible IX transi-
tions upon optical excitation with quanta energy close to the Pl ener-
gy of the direct excitons (DXs) in this structure. The energy of the
investigated indirect exciton in this case becomes the lowest one
among the excited states in this structure, whereas the energy of the
second possible IX state is higher than for DX, so the PL of this IX
is not observed. The authors of [1-8] showed that the states of indi-
rect excitons observed in this way show a tendency to Bose—Einstein
condensation, which becomes possible due to the accumulation of in-
direct excitons, in which the probability of radiative recombination is
very small compared to the probability for direct excitons.

Another way for experimental observation of indirect excitons in
double quantum wells is to study double quantum wells, one of
which is either created from a diluted magnetic semiconductor
(DMS) or its external in respect to 2QWs barrier is created from
DMS (see, for example, [9—14]). In this case, the quantum wells are
asymmetric. Here, tuning the energy positions of the carriers’
states in the DMS QW (or in QW bordering with DMS barrier) is
possible due to the giant spin splitting of the exciton states in the
external magnetic field [15, 16]. Spin splitting leads to the fact
that the energies and conditions of observation of excitons with dif-
ferent spin polarization of the charge carriers forming the exciton
will be different. In particular, in the luminescence, only spin-
polarized excitons with the lowest energy between spin-splitted
states will be observed. A theoretical study IX in such systems in
the variational approach was carried out in [17, 18].

It is possible to select parameters of the quantum wells in the
asymmetrical double-well structure so that at least the lowest spa-
tially quantized zones of the electrons in two neighbour wells will
have matching energies. In this case, tunnelling of electrons be-
tween these zones will become resonant.

The main subject of this work is the observation of excitons in a
double well structure where tunnelling of electrons between the
coupled wells is close to resonant. In principle, the same can be real-
ized for heave holes too, but the probability of the tunnelling for
heave holes is much less than for electrons due to the larger effec-
tive mass of the holes.

In addition, for holes in the DMS well, dependence of the energy
of the hole states on the magnetic field is stronger than for elec-
trons that complicates observation of possible effects. Therefore, we
will not consider this case in this paper.
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2. STRUCTURES UNDER STUDY AND EXPERIMENTAL
RESULTS

In the paper, we investigate magnetic field dependences of the lu-
minescence of direct and indirect excitons formed by charge carri-
ers of the lowest spatially quantized states of electrons and heavy
holes of two coupled quantum wells. One of these QWs is made of
magnetically mixed (diluted magnetic) Cd;,_,Mn,Te semiconductor
with x =0.05, and the other is formed with the CdTe. In such struc-
tures, it is possible to observe IX transitions of two types depending
on in which of QWs, the electron and/or hole are located with dom-
inant probability. Herein, we will name such states as leggyme—
1hhoyr, state and legype—1hhcgnre State. The indices CdMnTe and
CdTe indicate the material of the well, in which the electron (e) or
the heavy hole (hh) is predominantly located. The oscillator
strengths for these indirect transitions are caused by the mixing of
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Fig. 1. a) Distribution of intensity of PL in the structure with 18ml-width
CdTe well for different values of the magnetic field up to 4.0 T in case of
the G-excitation (2.376 eV). Positions of the L1 and L2 lines are arrowed
in the field of B=2 T. The magnetic field values to which correspond the
shown lines are pointed only near of the L2 line maxima. One can see that
the charged exciton (trion) line from the CdTe QW prevails in the spec-
trum and exceeds by almost two orders of magnitude the DX line intensity
for this @W; b) Dependence of the exciton lines’ maxima on the magnetic
field for the structures with QW CdTe wells widths equal to Lg4, =18, 21
and 24 ml for R and/or the G excitations. The lines’ positions for the di-
rect excitons and trions from the CdTe QW, which do not depend on the
magnetic field, are not shown. Positions of the PL maxima for different
lines in each structure and for the structures with different L., widths
are shown by the different symbols. Assignment of each line of the shown
dependences to a concrete studied structure or the PL line connected with
this structure is indicated by the inscriptions in the Fig. 1, b.
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the state of direct excitons to the corresponding indirect excitons.
This mixing is caused in main part by the matrix elements of elec-
tron tunnelling between the wells. At the same time, a contribution
of heavy holes’ tunnelling can be neglected because this process is
much less probable. So, each of mention indirect excitons obtain in
main part its oscillator strengths due to some mixing with that di-
rect exciton which has heavy hole in the same well that and this in-
direct one.

Studied Cdy sMgo 2sTe/Cdy 95Mny osTe/Cdy 7sMg, 25Te/CdTe/Cdy, ;Mg 25Te
structures were grown by the MBE method (0416 series). The width
of the Cdg¢;MngosTe @W, Lcgpmres Was equal to 46 ml for all the
samples, whereas the widths of the CdTe wells were different,
namely, equal to Lggp. =27, 24, 21 and 18 ml. The barriers width
between the DMS and CdTe @W's were equal to L,=6 ml=1.944 nm
for all the samples. Hereinafter, 1 ml=0.324 nm is the thickness of
the monatomic layer in [100]-oriented structures based on CdTe.
The PL measurements were predominantly carried out with the
above the barrier excitation with the E,,=2.376 eV energy (green,
G) or sub-barrier one with the E, . =1.878 eV energy (red, R) with
non-polarized light. A typical spectral distribution of the intensity
of the exciton PL lines for the c"-polarization and their energy posi-
tion for 2QW with Lqyp. = 18 ml under the G-excitation are shown in
Fig. 1, a.

One can see from Fig. 1, b that the magnetic field induced energy
shifts of the Linel, Line2 exciton lines are almost the same, and
their field dependences are almost parallel over the all magnetic field
interval up to 4.5T. The energy distance between them approximately
equal to AE~6+1 meV, and the shift of the lines in the magnetic
field reaches the value of 33 meV in the field of 4.5 T. Such lines’
behaviours do not agree with representation that one of lines con-
nected with DX and other with IX in our structure. The magnetic
field induced energy shifts for PL line from the IX of considered
type should be on 20% smaller than for PL line from DX in DMS
QW. In Figure 1, b, we can see that for the samples with CdTe QW
width 18 and 21 ml there are a group of lines that coincide (up to
measurement error values) with the line of the direct exciton for the
sample with the CdTe @W width of 24 ml. The PL lines of the direct
exciton in the DMS well and indirect lecypr.—1Ahcamre €Xciton are in
this sample energetically well-spaced. The lines of this group for the
samples with the 18 and 21 ml CdTe QW widths deviate somewhat in
energy from the dependence for a sample with the 24 ml CdTe QW
width in small and large magnetic fields. The values of these devia-
tions small exit beyond the experimental errors, so, we will not build
any conclusions about their nature. We only note that the magnetic
field dependence of the DX’s energy in the CdMnTe QW should not
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depend on the width of the adjacent CdTe well. So, the lines of this
group, even with their small mismatch, are genetically related to the
direct exciton in the CdMnTe QW.

At the same time, we have one more line in Fig. 1, b for each of
the samples with the CdTe QW widths equal to 18 and 21 ml, which
in intensity is comparable with lines that are part of the above-
mentioned group of the PL lines (Linel) associated with DXs in the
DMS wells of these samples. In the sample with Ly, = 18 ml, this
additional component of the doublet of lines PL, L2, is strongly de-
pendent on the magnetic field and is shifted with respect to the
mentioned group of the lines connected with DX in DMS QW to the
high-energy spectral region. At the same time, this, second line of
the PL doublet, L2, which depends on the magnetic field for the
sample with the 21 ml width CdTe QW, is already shifted to the
low-energy spectral region with respect to the lines connected with
DX in the DMS QW. Therefore, in the range of the CdTe QW
widths from 18 to 21 ml, there is the intersection of the magnetic
field dependences of the direct exciton in the DMS QW and the in-
direct one leqyr.—1hhcpmre type, that is, they are passing through
the resonance.

In Figure 2, a, b, the maps of the logarithm of the intensities of
the PL spectra for two structures with different CdTe widths of the
quantum wells on each sides of this ‘resonance’ are presented. One
can see from these maps dependences of the intensities of the lines,
which energies depend on the magnetic field magnitude. It is seen
also that Linel in both cases, for 18 and 21 ml CdTe QW width,
have in main part close one to another magnetic field dependences
in the same time as L2 has higher energy than L1 in case of 18 ml
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Fig. 2. Maps of the PL intensity (in a logarithmic scale) of the spectra of
the structures with the 18 ml (a) and 21 ml (b) CdTe widths in case of the
PL excitation by 2.376 eV quanta. A duplicate structure of lines of L1 Ta
L2 is the article of this article and comes into question in text.
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CdTe QW width and lower in case 21 ml. Therefore, the Linel in
bigger part is more substantially connected with DX in DMS QW
and Line2 with IX. In addition, dependences of PL energy on the
magnetic field for these excitons are crossed one another in 18-21
ml interval of CdTe QW width.

3. DISCUSSION OF THE EXPERIMENT AND SOME ESTIMATES
CONCERNING EXCITONS IN 2QW STRUCTURES

The exciton energy in a particular quantum well consists of the dif-
ference in the energies of the spatially quantized states in which
the electron and the hole are located minus the Coulomb binding
energy between of the electron and the hole. The hole is localized in
the same spatially quantized state for both the direct and indirect
excitons that we consider. It concern to both for the parameters re-
gion of coinciding of the electron energies in different wells with
taking into account the hole’s electrical fields for these excitons
and for regions where energies of these electron are noticeable dif-
ferent. As it is known from quantum mechanics (for example, [19]),
when take place the energy resonance of two eigenstates in the same
basis, their wave functions form a superposition such that in the
region of ‘exact resonance’ the superposition turns into their sym-
metric and antisymmetric combination. Contributions of both un-
perturbed states to this combination should be the same. If we ne-
glect the possible difference in the Coulomb binding energy of the
hole in the DMS well with the symmetric and antisymmetric elec-
tronic state in the wells, then the binding energy of the symmetric
and antisymmetric hybrid (semi-direct and semi-indirect) excitons
will be the same. In this case, the resonance of the excitons is
caused by the energy resonance of the spatially quantized states of
the electron in the wells with taking into account of action on these
states of electrical field of heavy hole in DMS @W. In this case, the
splitting (antiresonance) of two states of the excitons in 2QWs
structure that include the symmetric and antisymmetric electron
states in 2QWs structure will be close or will coincide with the val-
ue of the matrix element of the resonant electron tunnelling be-
tween quantum wells. This matrix element may be not so small tak-
ing into account the small width of the barrier between the wells (6
ml =1.944 nm) and the small effective electron mass (about 0.1m,,
where m, is the free electron mass).

To estimate the magnetic field dependence of the exciton lines
close to the doublet, first, the energy difference of the le and 1ih
states was calculated for the DMS Cd,o;Mn,;Te QW and CdTe QW
at different widths of the CdTe wells.

The calculated difference of energies of spatially quantized levels
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Fig. 3. a) Calculated energy differences for the le states and for the 1hih
ones in the @Ws Cd, ¢;Mn, sTe and CdTe for different widths of the CdTe
wells, namely, 18, 21 and 24 ml; b) The magnetic field dependences of the
energies of the direct excitons for CdTe and CdMnTe @Ws and indirect
excitons of the lecyr.—1hAcqymre @a0d lecaymre—1RAcqre types. Calculations car-
ried out without taking into account a possible change of the bounding
energies of the excitons in the region of the energy resonances of different
excitons.

le and 12h in different wells of 2QWs system that shown in Fig. 3,
a indicate that in certain fields for the samples with 18 ml and in
other fields for 21 ml, the 1le levels for the CdTe and CdMnTe wells
coincide. Under these conditions, the tunnelling should take place
as resonant with repulsion of the energies of the le states located in
such case simultaneously in the both wells and mixing of the initial
le wave functions of different QWs. Under such conditions, the no-
tion of direct and/or indirect excitons becomes meaningless. The
electron will be delocalized with noticeable probabilities to be found
in both quantum wells and its two states should be classified as
symmetric and antisymmetric ones with respect to the electron in
these wells. At the same time, the heavy hole of these excitons will
be localized mainly in one of the wells, because it tunnels through
the 6 ml barrier much worse than the light electron.

The calculations of the energies of the le states for the 46 ml-
width Cd,_,Mn,Te QW and the CdTe @Ws with 13 to 24 ml widths,
(see Fig. 4) indicate that upon the resonance of the unperturbed 1le
states in the CdMnTe and CdTe wells their splitting due the tunnel-
ling takes place. This splitting at the anticrossing point reaches the
value of AE_ .= 4.75 meV. The calculation shown in Fig. 4 shows that
the resonance tunnelling affect is expanded over the widths’ region of
CdTe QW +1 ml from the conditions of exact resonance. So, under
the condition of the resonance of the electronic states considered with
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Fig. 4. Calculated 1le energies in the considered 2QW system. The energy is
counted from the barrier position. The tunnel splitting in resonance is
equal to d=4.775+0.05 meV. The tunnel matrix element between the 1le
states in the @Ws is equal to d/2 ~ 2.4 meV. The thin lines show the un-
perturbed dependence of the le states’ energies.

taking into account the influence of electrical field of the hole, the
splitting of the hybrid excitons due to the ‘anticrossing’ can reach a
value that goes beyond the limits of measurement errors. In this case,
for both the lines of the direct and indirect excitons, their magnetic
field dependences should deviate from the unperturbed values in the
vicinity of the intersection, although their dependences that unper-
turbed by resonant tunnelling intersect. So, we can expect deviations
of the dependences of the energies from magnetic field for the direct
excitons in the DMS QW within ~ 3 meV for the samples with CdTe
QW widths of 18 and 21 ml from the case of a sample with a CdTe
well width of 24 ml, where the effect of the intersection of the field
dependences of DX and considered IX is surely absent. Such devia-
tions are present in the experiment (see Fig. 1, b).

The question arises, why is the resonance not localized in certain
magnetic fields, and the parallelism of the magnetic field depend-
ences of both PL lines of the doublet (Fig. 2) is observed over al-
most all the interval of the magnetic fields used in the experiment?
To answer this question, several circumstances should be taken into
account. First, it is necessary to take into account dependence of
the exciton binding energy on the difference of the unperturbed
values of their energies, or in other words, on the hybridization of
the le electronic states in the wells. This difference unperturbed
values energies realized in our experiment through dependence
these values on the magnetic field.

This dependence will ‘deform’ the magnetic field dependence of the
observed difference in the exciton PL energies. In addition, the
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structures under study had a certain inhomogeneity of parameters,
which was manifested in small changes the energies of the PL line
maxima as the PL excitation point moved along the sample plane.
That could contribute to an inhomogeneous distribution over the
sample’s plane of the magnetic field corresponding to the ‘exact res-
onance’ field of the unperturbed energies of the hybridized excitons.
This effect will also ‘stretch’ the resonance conditions over the
fields. Especially, if we take into account that the entire dependence
of the energy of the electronic state in Cd;_ . Mn,Te with x=0.05 from
the magnetic field is about 7 meV at T=2 K. In the same time, the
tunnel splitting of the symmetric and antisymmetric le electronic
states that was calculated by us is 4.75 meV at L,=1.944 nm.

Thus, the above considerations show that for samples with CdTe
Q@Ws width 18 and 21 ml instead of the states DX in the CdMnTe
QW (Linel) and IX lecyr.—1hhcpmr. states (Line2), we deal with the
excitons, each of which has the heavy hole in the DMS well and the
hybridized electronic state whose wave functions are localized simul-
taneously in both the @Ws in the symmetric and antisymmetric
states. Of course, the levels of hybridization for the each pair of ob-
served doublets of PL lines are dependent on the applied magnetic
field and are different for two discussed samples. Nevertheless, these
levels are enough for transformation of the different magnetic field
dependences of the discussed DX and IX states in the discussed sam-
ples in the doublets of the parallel curves. It should be noted that the
calculations of the energies of the excitons were made by method
used in [17, 18] which automatically take into account the hybridiza-
tion effects and the Coulomb interaction of the electron and hole in
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Fig. 5. a) The calculated energy positions of the DX and IX states for the
structures for Lgyr. =21 ml and their hybridization in certain fields; b)
Splitting between two PL lines of the hybridized states (Linel and Line2)
for the 21 and 22 ml-width CdTe QWs.
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the exciton. The dependences of the binding energies on the magnetic
field (and hence on the degree of hybridization) were taken into ac-
count too. One can see the results of such calculations in Fig. 5, a, b.
From these calculations, we can draw a conclusion that the ‘hybrid-
ized’ DX in CdMnTe QW and IX (lecyre—1hhcamre) €xcitons should be
observed in this system.

One can see from Fig 5, a, that energies levels of the IX and DX
transitions unperturbed by the tunnelling at the approaching one to
another of the (in different fields for the samples with different
CdTe QW width), are repulsed due to the anticrossing on the energy
distance of almost 3 meV. Figure 5, b shows the calculation of the
energy difference between the components of the doublet of these
lines to estimate of the mentioned repulsion for the samples with
CdTe QWs with the widths of 21 and 22 ml. The minima of the
splitting energy in certain magnetic fields correspond to the an-
ticrossing repulsion for these structures, which indicates the hy-
bridization of these states and on the field values of the ‘precise
crossing of unperturbed states’.

The goal of these calculations was not to achieve a complete nu-
merical agreement between the calculated spectral parameters and
experiment, but to get a qualitative coordination with experiment.
All possible energy shifts associated with the stresses, diffuse inter-
faces, etc. were not taken into account. With taking into account
above-mentioned one, the putted goal was reached.

The study of excitons in dual structures deserves additional experi-
mental and theoretical attention. One of the ways of such studies can
be time-resolving experiments or methods for observing photon echo
(FWM) [20, 21] in magnetic fields and for @Ws widths where the
probability of hybridization causes a possibility of changing the condi-
tions for the unperturbed resonance of the electron states by applying
magnetic field.
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