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Crossing of conduction- and valence-subband Landau levels
in an inverted HgTe/CdTe quantum well
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In the inverted-band regime of HgTe/CdTe quantum wells, the lowest Landau level of the lowest conduction
subband and the highest Landau level of the topmost valence subband are predicted to cross at a critical
magnetic fieldB,. We study this crossing experimentally with far-infrared Fourier-transform spectroscopy in
a gated HgTe/CdTe quantum well with tunable electron density. The crossing point is identified by a charac-
teristic exchange of oscillator strength between the two transitions involved, one being a cyclotron resonance,
the other an intersubband resonance. The experimental resonance positions, the oscillator strengths as well as
the value ofB,, are in good agreement with theoretical results oP<66&-p model evaluated for the211]
growth direction[S0163-182608)07515-9

Heterostructures of HgTe and CdTe are of type lll com- A quantizing magnetic field applied along the growth di-
bining a positive band gap semiconduct@dTe and a rection of the QW structure uncovers the mixed nature of the
negative band gap semimei@gTe) with gaps formed be- HH1 subband in the inverted-band regirtsee Fig. L The
tween states ofl's and I'g symmetry. Layered quantum lowest Landau leveh =0 contains pure HH Nl = —3/2)
structures of these materials have attracted interest due to teéates which do not mix with the light-particlév(= = 1/2)
possible formation of interface states and a quasizero gagtates. Accordingly, this level lowers its energy linearly
systemt? which allows for a double semiconductor- with increasing magnetic field, while all other Landau levels
semimetal-semiconductor transitid:he valence-band off- of the HH1 subband rise in energy with magnetic field due to
set, being the crucial parameter of this system, has beenthe coupling with light-particle states. Thus they show an
point of controversie:’ While most of the work on this electron-like character. This unusual behavior in inverted-
system has been devoted to superlattfcesthis paper we band QW's together with the peculiar dispersion of the
report on a gated HgTe single quantum W) with tun-  n_ =2 level from the topmost valence subbatH2) leads
able electron density. This structure allows us to study the
filling factor dependence of its Landau levels at fixed mag- 80
netic field. Depending on their thicknesses, single HgTe
QW's between CdTe barriers can exist in two distinct re- 60
gimes. For small widthsl(,=<70 A) (Ref. 6 and thus larger

subband separations, an open gap is formed betwedn an E 40
= =+ 3/2 heavy-hole subbar(thiH1) and an electronlike light- =~ 90
particle subbandE1) whose states are a mixture of the L

and thel'g light-hole bulk stategangular momentunM =
+1/2). This corresponds to the normal regime. For increas- HHT
ing well widths, theE1 subband falls below the topmost HH HH2
subbands and takes on holelike character, while the HH1

subband becomes electronlike. Such QW'’s are in the

inverted-band regimé. The dispersion of the subbands,

which indicate the electron or hole character, are determined FiG. 1. Calculated Landau levels for a HgTe/CdTe QW in the
by coupling heavy-hole to light-particle states at finite in-inverted-band regime of width 122 A with the intrinsic Fermi en-
plane wave vectorg . Our notation for labeling the sub- ergy marked by a dashed line. The cyclotron resondG€® tran-
bands corresponds to the dominant spinor compohkrat  sitions 8 andy as well as the intersubband resonafi&R) transi-
k||=0. tion « are indicated by arrows.
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TABLE I. k-p band parameters for HgTe and CdTe taken from Refs. 18,19.

Eq (eV) P (eVA) m*/mq g* 71 Y2 Y3 K
HgTe —0.300 8.31 —0.028 41.0 —15.6 —-9.6 —-8.6 —-11.2
CdTe 1.606 8.31 0.090 -1.77 4.14 1.09 1.62 0.457

to a crossing of conduction- and valence-subband states atesmvelope function and show a nonlinear dependence on mag-
critical valueB,, of the magnetic fieldsee Fig. 1 A corre-  netic field® However, the lowest HH1 Landau level with
sponding fan chart has been reported earlier for semimetalliquantum numben, =0 is completely decoupled from the
and inverted-band HgTe/CdTe superlattit®s: Here, we  other statesit contains pureMl = — 3/2 state} and its energy
describe magneto-optical measurements at a fixed tempergecreases linearly iB.° The most decisive feature of Fig. 1
ture that prove the existence of this crossing phenomenon ig the crossing of this level with the (HH2,=2) Landau
an1|_rr1]verted sTgIe QW. o ecular-b " level atB,=12 T. ForB=5T the energy of the latter level

€ sample was grown Dy molecular-béam epitaxyy g yaries almost linearly witB. But unlike the (HH1n
(MBE) on a CdZnTg211)B substrate? Its layer sequence is —0) level atB, it is a strong mixture of thé = — 3/2 anLd
as follows: a 1825 A CdTe buffer, a 122 A HgTe QW, and a,, ¢

M = = 1/2 spinor components.

gf/f ﬁ ; d;&:ocrir?ptlhage;.in'gllg %(C\_/e éz)ggfemzy (r:ﬁgttaall_g)zg et_o As mentioned before for a QW in the inverted-band re-
semiconductofMOS) capacitor was fabrica’ted with a 1300- gime the gap opens between the HH1 and the next lower
¢ ) cap subband, which in our sample is the HH2 subband. Thus the

A-thick SiO, insulator and a semitransparent 75-A-thin NiCr ; ; e ; e~
gate of 3 mm in diametéf Contacts were soldered at the F€Mi levelEg for the unbiasedintrinsic) QW is as indi-

edges of the sample to allow magnetocapacitance measurgdted in Fig. 1: At zero temperature all states befgware
ments from which the electron density=1.25x 101 cm™2 occupied, all states abo\s- are empty. In our calculations
V’l(Vg—Vth) as a function of gate voltag¥, could be this position of the intrinsic Fermi energy is confirmed by
deduced. The magnetocapacitance measurements as well\@ying the gap parameté, of the well material: Starting
cyclotron resonancéCR) at low magnetic fields §<3T) from a subband structure with an open gdp,%0) the
yield a threshold o¥,=3.7 V for the induction of electrons lowest-lying light-particle electron subband falls below the
into the conduction subband. In the spectroscopic experitopmost hole subbands when the gap parameter is decreased
ments the relative change of transmittaneeAT/T =  to the actual valu&y,=—-300 meV in HgTe. Then it be-
—[T(Vg) — Trefl/ Trer With the reference spectiB taken at  comes holelike while the topmost HH subband becomes
Vy=—4 V is recorded with a Fourier-transform spectrom- electronlike. Experimentally the intrinsic situation is realized
eter in the spectral range 20—700 chusing unpolarized at the threshold voltag¥, .

light. To eliminate interference effects, the back of the For unpolarized light, dipole transitions between Landau
sample was wedged at an angle of about 3°. The magnetlgvels follow the selection rulan, = *1. The intensity de-
field is applied in growth direction and the measurements ar@ends on their occupation and their dipole matrix eleméhts.
performed in Faraday geometry at a temperature of 5 KAround the intrinsic Fermi energy fakn, =+1 two transi-
From the CR measurements at low magnetic fields an effedions are possible which are marked by arrows in Fig. 1. The
tive mass ofn* =0.024n, and a mobility ofu=30 000 crd  transition (HH1n =0)—(HH1,n =1) is a CR transition
V™! s are deduced for an electron density of=2.9 between Landau levels evolving from the same subband. It
x 10" cm~2. shows up at B>B,. The transition (HHZ) =2)

For the calculation of Landau leve(Big. 1) we employ a —(HH1,n =3) is an intersubband resonan@8R) which
6x6 k-p model including the fourfold"g and the twofold"; ~ appears foB<B.. In our experiment we establish a situa-
states of the bulk-band structure of HgTe and CH{Té®we  tion with low densities of extrinsic carriers, where upBg
use the bulk-band parameters in Table |. Best agreemeitie Fermi energy lies in the (HH1,=0) level and in the
with experiment is obtained using a valence-band offset of HH2,n =2) level for higher magnetic fields. Accordingly,
700 meV. This value is of the same order as the roomthe intensity of the CR should increase above the critical
temperature value of 730—850 meV obtained by ¥o@l®  point B, while the ISR should become weaker. For unpolar-
The calculations are performed in the axial approximationzed light the transitions wittAn_ = —1 are less important
for growth direction[211].}” Due to the small carrier densi- (see below.
ties self-consistent corrections did not change the potential In our gated sample the model can be tested by varying
profile significantly. Taking the split-off valence badd,  the magnetic field at a constant gate voltage or by varying
explicitly into accounias done in Ref. 7did not change our the gate voltage at a constant magnetic field. Figure 2 shows
results either, which is a consequence of the large spin-orbihe absorption of the sample Bt=10 T for different gate
splitting of about 1 eV in both HgTe and CdTe. voltages or filling factorsv=ngh/eB. At the gate voltage

The Landau levels shown in Fig. 1 evolve from HH statesVy=4 V, which is slightly above the threshold deduced from
at —4.8 meV (HH1) and —19.1 meV (HH2). In the axial CR and magnetocapacitance data in low magnetic fields, a
model they can be classified Iy =F,+ 1/2 with F, thez  strong transitiorn at 550 cn! and a weaker transitiof at
component of the total angular momentdftnin general 375 cni'! are visible which we identify as the ISR transition
these levels result from mixing of Landau oscillators belong{(HH2,n, =2)—(HH1,n,=3) and the CR transition
ing to different spinor componenkd of the multicomponent (HH1,n =0)— (HH1,n . =1), respectively. With increasing
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FIG. 3. (a) Experimental andb) theoretical spectra for various
magnetic fields at a fixed electron dengity=4x 10'° cm™2. Note
the exchange of oscillator strength between the DCR transition

FIG. 2. Normalized transmittance spectra of a 122-A-thin HgTe and the 2-3 ISR transitiona.
QW for various gate voltage¥ or filling factors v in a fixed
magnetic fieldB= 10 T. The spectra show the CR transitighand  in Fig. 1 we investigate now the crossing feature of the Lan-
v as well as the ISR transitioa. dau levels (HH1In, =0) and (HH2n, =2). For a gate volt-

_ . . age of Vg=4 V we have an electron density ofx410'°

gate voltage the CI8 gains oscillator strength and at a fill- ¢cm~2 in the conduction subband HH1 and a filling factor
ing factor of v=1.2 a third transitiony can be found at 320 =0.2 atB=10 T (see Fig. 2 Figure 3a) shows the absorp-
cm 1. We identify y as the -2 CR transition in the con- tion spectra for magnetic fields in the ranBe=9 to 14 T. It
duction subband HH1. The resonangés narrower than the depicts a clear evolution of the oscillator strength of the two
other two resonances. This we interpret to be due to a bettgreaks 8 and «. At B=9 T there is a weak CR3 at
screening of impurities at higher electron densities. The res®350 cm ! and a strong ISRy at 550 cm *. With increasing
nancey is comparable to the generic CR of narrow-gapmagnetic field the CR gains oscillator strength at the expense
semiconductors with spin-split Landau levels. The resonancef the ISR. Between 12 T and 13 T the intensities equal each
B, on the other hand, which involves the purdly=—3/2  other. At the highest magnetic fieBl=14 T the CR domi-
Landau level (HH1p, =0), is specific to the inverted-band nates the spectrum and the ISR transition has become weak.
regime. At the filling factorv=1.7 the transition3 has al- This exchange of oscillator strength between CR and ISR
most vanished. This can be explained by the filling of thecan be directly related to the crossing feature of the Landau
final level n_ =1 with electrons. Lowering the gate voltage levelsn, =0 andn_ =2 in Fig. 1, and thus to the inverted-
under the threshold leads to the disappearance of the ISBand regime of the HgTe QW. A <12 T the lowest level
transitiona at Vy=2 V. This voltage is equivalent to a fill- n_ =0 of the conduction subband HH1 is only partially filled
ing factor of v=—0.9. By negative filling factors we denote at the gate voltage/;=4 V and CR is very weak. At a
depopulation of the Landau levels of the valence subbandsritical field between 12 T and 13 T the Landau lewgl
The disappearance of resonaneean be explained as fol- =0 of the conduction subband HH1 crosses the Landau level
lows: the Landau leveh, =2 is the highest-lying Landau n =2 of the valence subband HH2. Then, both levels are
level of the valence subband HH2 at higher magnetic fieldevenly populated with electrons. As the corresponding dipole
(see Fig. 1 Therefore this level will be totally depleted at a matrix elements are comparable, the CR and ISR are equally
filling factor v=—1. As a result, the intersubband transition strong. At higher field8>13 T the Landau leveh, =0 of
a disappears. We like to add here, that when states of thelH1 becomes the topmost valence level which is completely
valence subband HH2 start to become depopulated, we déilled at Vy=4 V, while the Landau leveh, =2 of HH2
tect additional absorption in the region of wave numbers 10@akes the role of the lowest conduction level which is only
cm ! (not shown in Fig. 2 This we attribute to hole CR partially filled. For these values @& andVy, almost all of
within the HH2 subband. The polarization dependence othe oscillator strength is in the CR. Hence, the change of
this signal is in fact consistent with the one for hole transi-oscillator strength between ISR and CR can be directly at-
tions, i.e., it is stronger for left-hand circularly polarized tributed to the redistribution of electrons between the con-
light. duction and valence subbands HH1 and HH2 as a conse-

Having thus shown the consistency between the experiguence of the crossing of their Landau levels in a magnetic
mental spectra of Fig. 2 and the theoretical results depictefield.

L
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In order to confirm the interpretation of Fig(e8, we have lation (610 meV for 5% Hg. We could have tried to further
calculated the absorption spectra based on the Landau levétaprove the agreement between experiment and theory by
of Fig. 1 and the magnetic-field-dependent filling factors forvarying some model parameters other than the valence band
the carrier densityg=4.0x 10" cm™2. The calculations fol-  offset. Truchsefet al. developed a new set df-p param-
low the concept outlined in Ref. 16. A phenomenologicaleters for HgTe and CdTERef. 7) in order to interpret their
constant broadening of 5 meV has been assumed. In accQixperiments on HgTe/CdTe quantum structures. However,
dance with the normalization of the experimental spectraheir CdTe parameters differ considerably from values which
only those transitions were taken into account for which thg,5ve peen obtained in various bulk experiméftan the
initial states are unoccupied\agz'—4 V. Transitions which  jiq, hand, due to a smaller dataddsmand parameters for
are allowed a¥/,=—4 V but forbidden aV/y=4 V[so thal e re less reliable than those for CdTe.
they give a negative contribution to the spectra in Fig) B In conclusion, we have demonstrated a peculiar feature
turned out to be nggllg|ble. The results in qubpare N occurring in HgTe/CdTe QW's in the inverted-band regime:
good agreement with the experimental spectra in Fig),3 5 ¢rossing between Landau levels evolving from the lowest
with respect to the oscillator strengths and to the spectrglyn gy ction and the highest valence subbands in strong mag-
positions. In the ca_lculated spectra the exchange of oscillatq{tic fields. Comparison of far-infrared spectra taken of a
strength around, is more pronounced, presumably due t0 5\ with low carrier concentration with calculated Landau
the assumption of zero temperature. In Fih)3he peakae  |eyels and absorption spectra obtained from a66k-p
consists of two transitions, (HH&,=2)—(HH1,n.=3),  mnodel allow us to ascribe this feature to the type Il character
and at a slightly higher energy and with a smaller oscillatorsf the HgTe/CdTe heterostructure system. Best agreement

strength, the transition (HH@, =3)—(HH1,n =2). The  petween theory and experiment was obtained using a
latter is the only transition witthn = —1 in the calculated 5jence-band offset of 700 meV.

spectra of Fig. ).
We found that if we take into account that the barriers We thank the Deutsche Forschungsgemeinschaft for fi-
may contain some Hg we needsmalleroffset in our calcu- nancial support.
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