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Introduction 

Mercuryselenide is a n—type zero—gap semiconduc— 

tor in zincblende structure．The modification HgSe：Fe 

with an iron doping nF > 5 × 10 cm 一 leads to a 

mixed—valence regime of Fe ／Fe system and a 

pinning of the Fermi-energy to the energy of iron donor 

about 2 1 0 meV above the band edge l 
． Pronounced 

short—range correlation effects in Fe ／Fe ．system 

give rise to a drastic mobility increase，so that HgSe： 

Fe as a host material for nano—structured systems en． 

sures the observability of any quantum effect[ 
．  

1 Recent experiments on HgSe：Fe in mag- 

netospectra 

Magnetospectrum is a powerful tool for the investi． 

gation of electronic energy levels in any semiconductor 

structure． Both non-resonant and resonant magneto— 

spectrums take advantage of the tunability of electronic 

energy levels by an external magnetic field．The higher 

the tuning magnetic field is，the more detailed inform a— 

tion on the electronic system can be obtained．In this 

report we concentrate on three selected new experi— 

ments：a)inter-dot conductivity of Hg：Se quantum 

dots in fields up to 1 2 T， b) magnetotransmission of 

bulk HgSe in fields up to 140 T，and c)magnetotrans． 

mission of HgSe：Fe in fields up to 1000 T． 

2 Inter-dot magnetOcOnductiVity in HgSe： 

Fe quantum -dot systems： 

We succeeded in growing HgSe．Fe quantum．dot 

systems of different density depending on the interface 

strain with respect to the ZnSe(Te)buffer layer．The 

HgSe：Fe layer form ed strained quantum dots of about 

10—1O0 nm diameter and a height of the order 10 nm 

as shown by the AFM images in fig．1 E 31
． The Fe—do— 

ping ensures a “bulk” carrier concentration of n
。

= 5 

×10 cm _j i’n the Ferm i．1evel pinned system
． so that 

in each quantum dot，5 ～500 electronic states are oc- 

cupied depending on its size． To characterize these 

states with respect to‘‘inter dot”．transitions
． w e m eas． 

ured the transversa1 DC．magnetoresistance up to 1 2 T 

in Hall—bar geometry at liquid-He-temperatures
． All 

soldered Au—contacts were carefully checked with re- 
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Introcluction 

Mercuryselenide is a n-type zero-gap semiconduc

tor in úncblende structure. The modification HgSe: Fe 

with an iron doping n Fe > 5 x 1018 cm -3 leads to a 

mixed-valence regime of Fe + + /Fe + + + system and a 

pinning of the Fenni-energy to the energy of iron donor 

about 210 me V above the band edge [1 J Pronounced 

short-range correlation effects in Fe + + /Fe + + + -system 

give rise to a drastic mobility increase , so that HgSe: 

Fe as a host material for nano-structured systems en

sures the observability of any quantum effect [2J 

1 Recent experiments on HgSe: Fe in mag

netospectra : 

Magnetospectrum is a powerful tool for the investi

gation of electronic energy levels in any semiconductor 

structure. Both non-resonant and resonant magneto

spectrums take advantage of the tunability of electronic 

energy levels by an extemal magnetic field. The higher 

the tuning magnetic field is , the more detailed infonna

tion on the electronic system can be obtained. In this 

R配，eived date: ::!∞4 - !O -::!I ， revi配d date: ::!∞5 - 01 - 07 

report we concentrate on three selected new experi

ments: a) inter-dot conductivity of Hg: Se quantum 

dots in fields up to 12 T , b) magnetotransmission of 

bulk HgSe in fields up to 140 T , and c) magnetotrans

mission of HgSe: Fe in fields up to 1000 T. 

2 Inter-dot magnetoconductivity in HgSe: 

Fe quantum-dot systems: 

We succeeded in growing HgSe. Fe quantum-dot 

systems of different density depending on the interface 

strain with respect to the ZnSe ( Te) buffer layer. The 

HgSe: Fe layer fonned strained quantum dots of about 

10 - 100 nm diameter and a height of the order 10 nm 

as shown by the AFM images in fig. 1 [3J The Fe-do

ping ensures a .. bulk" carrier concentration of n. 5 

x 10 18 cm - 3 in the F enni -level pinned system , so that 

in each quantum dot , 5 - 500 electronic states are oc

cupied depending on its size. To characterize these 

states with respect to .• inter dot" -transitions , we meas

ured the transversal DC-magnetoresistance up to 12 T 

in Hall-bar geometry at liquid-He-temperatures. All 

soldered Au-contacts were carefully checked with re-

收稿日期 :2∞4-10-21 ，修回日期 :2∞5 - 01 - 07 
Biography: Michel von ORTENBERG( 1941-) , male , Berlin , Gerrnany , Professor of Physics at the Institute of Physics of Humboldt University in Berlin 
and Chair for Magnetotransport in Solids. Research area is generation of high magnetic fields and application to solid state physin电



l62 红 外 与 毫 米 波 学 报 24卷 

spect to ohmic behaviour．The principal objective of 

the investigation was，however，to find some analogy 

between impurity hopping in semiconductors and inter- 

dot transitions．As a matter of fact，both energies and 

orbital dimensions are of the same order of magnitude
， 

so that similar features in the experimental data are ex． 

pected． Depending on the different manifestations of 

the dot system，different features of the magneto．trans． 

port properties became predominant indicating Shubni． 

kov。de Haas oscillations，positive，or negative differ． 

ential magnet0resistance as shown in fig
．  2． The low 

density sample B SHOWS a strong positive magnetoresist． 

ance with small SdH-oscillations referring to a carrier 

concentration of 4 x 10 cm'’． F0r the more dense 

sample C the positive differential magnet0resistance is 

limited to the magnetic field range below 1 T and fo． 

1lowed by a pronounced negative differential magnetore． 

sistance． This behaviour is similar to the results for 

hopping conductivity in impurity bands of semiconduc． 

tors．As a matter of fact Our high density quantum dot 

sample is in many features similar to an ordinary 

hopping system． For the interpretation of the experi ． 

mental results， we have therefore applied a nearest 

neighbour hopping approach considering spin．．flip scat ． 

tering as established by Movaghar and Schweitzer and 

successfully applied to ordinary impurity hopping sys． 

terns ． For sample D we have included the c0rre． 

sponding theoretical result by thin line
．  

3 M agnetotransmission of bulk HgSe 

Using the semi—destructive single．turn coil as eld 

generator，we have investigated the IR．magnetotrans． 

mission of low-concentration HgSe epitaxial layers ap． 

plying 10．6 LLm wavelength in magnetic fields up to 140 

T for different temperatures as shown in fig
． 3 for diffe卜 

ent temperatures ．The arrows indicate up．and down． 

sweep of the magnetic field pulse． Whereas the low． 

temperature data exhibit a multi．1ine structure due t0 in． 

ter—band transitions(IBTs)and a minor cyclotron res0． 

nance(CR)with negligible hysteresis effects．these 

effects get more pronounced with increasing tempera． 

tures．As a matter of fact，with increasing temperatures 

the IBTs fade and the CR is tremendouslv increased in 

intensity．The spin-splitting of the CR is clearly visible 

C D 

Fig．1 A fiat HgSe：Fe—sudace in A in comparison with 

quantum—dot systems of increasing density in B—D of the 

sanle material 

for T = 300 K． The most exciting manifestati0n is
．  

however．the pronounced hysteresis in the cyclotron ab． 

sorptions for up—and down sweep．This phenomenon can 

be explained by the transient character of the nmgnetic 

field pulse：the magnetic field is changed so rapidlv that 

thermal equilibrium in population of the energy levels 

cannot be achieved due to the finite spin．1attice relaxa． 

tion time．Detailed evaluation of the experiment revea1s 

that this relaxation time 7sI= 1 txsec is of the same OF- 

der of magnitude as the characteristic time parameter 0f 

the field pulse of 7B= 6 Ixsec pulse length
． 

4 Magnetotransmission of HgSe：Fe in 

fields up to 1000 T 

Recently the question of a possible hybridisati0n 

oi quasi-free conduction．band states and bound Fe． 

states has been raised，so that a direct investigation 0f 

the overlapping of the states involved became desira． 

ble ．The corresponding experiments aim at the mag- 

nitude of the transition matrix element between 0uasi． 

free band states and the localized Fe．state t0 be meas
．  

ured by direct optical absorption intensity
． To 0btain 

an unambiguous result it is necessary that no other 

transitions obscure the expected transitions
． In fig．4， 

we have plotted the scheme of Landau levels for HgSe 

for magnetic fields up to 1 000 T
． The horizonta1 line 

indicates the iron level and hence also the Fermi ener
．  

gy  of the system
． The arrows indicate possible transi． 
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spect to ohmic behaviour. The principal objective of 

the investigation was , however. to find some analogy 

between impurity hopping in semiconductors and inter

dot transitions. As a matter of fact. both energies and 

orbital dimensions are of the same order of magnitude , 

so that similar features in the experimental data are ex

pected. Depending on the different manifestations of 

the dot system , different features of the magneto-trans

port properties became predominant indicating Shubní

kov-de Haas oscillations. positive 电 or negative differ

ential magnetoresístance as shown in fig. 2. The low 

density sample B shows a strong positive magnetoresist

ance with small SdH-oscíllations referring to a carrier 

concentratÍon of 4 x 10 18 cm -3 For the more dense 

sample C the positive differential magnetoresistance is 

limited to the magnetic field range below 1 T and fo

llowed by a pronounced negative differential magnetore

sistance. This behaviour is similar to the results for 

hopping conductivity in impurity bands of semiconduc

tors. As a matter of fact our high density quantum dot 

sample is in many features similar to an ordinaη 

hopping system. For the interpretation of the experi

mental results , we have therefore applíed a nearest 

neighbour hopping approach considering spin-flip scat

tering as established by Movaghar and Schweitzer and 

su凹essfully applied to ordinary impurity hopping sys-
r 4" 

tems\For sample 0 we have included the corre-

sponding theoretical result by thin line. 

3 Magnetotransmission of bulk HgSe 

Using the semi-destructive single-turn coil as field 

generator , we have investigated the IR -magnetotrans

mission of low-concentration HgSe epitaxial layers ap

plying 10.6μm wavelength in magnetic fields up to 140 

T for different temperatures as shown in fig. 3 for differ

ent temperatures[5]. The arrows indicate up-and down

sweep of the magnetic field pulse. Whereas the low

temperature data exhibit a multi-line structure due to in

ter-band transitions (IBTs) and a minor cydotron reso

nance (CR) with negligible hysteresis effects. these 

effects get more pronounced with increasing tempera

tures. As a matter of fact , with increasing temperatures 

the IBTs fade and the CR is tremendously increased in 

intensity. The spìn-splitting of the CR is dearly visible 

A 

1..:川?
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Fig. 1 A flat HgSe: Fe-surface in A in (.omparì"on with 
quantum-dot systems of increasing density in B-D of the 
same material 

for T = 3α) K. The most exciting manifestation is , 

however , the pronounced hysteresis in the cydotron ab

sorptions for up-and down sweep. This phenomenon can 

be explained by the transient character of the magnetic 

field pulse: the magnetic field is changed so rapidly that 

thermal equilibrium in population of the energy levels 

cannot be achieved due to the finite spin-Iattice relaxa

tion time. Detailed evaluation of the experiment reveals 

that this relaxation time 7，汀= 1μsec is of the same or

der of magnitude as the characteristic time parameter of 

the field pulse of 7 8 = 6μsec pulse length. 

4 Magnetotransmission of HgSe: Fe in 

fields up to 1000 T 

Recently the question of a possible hybridisation 

of quasi-free conduction-band states and bound Fe

states has been raisen. so that a direct investigation of 

the overlapping of the states involved became desira

ble~6". The corresponding experiments aim at the mag

nitude of the transition matrix element between quasi

free band states and the localized Fe-state to be meas

ured by direct optical absorption intensity. To obtain 

an unambiguous result it is necessary that no other 

transitions obscure the expected transitions. In fig. 4. 

we have plotted the scheme of Landau levels for HgSe 

for magnetic fields up to 1000 T. The horizontal lìne 

indicates the iron level and hence also the F ermi ener

gy of the system. The arrows indicate possible transi-
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Fig．2 Magnetoresistance curves for the samples B，C，and 

D show a decrease of positive magnetoresistance with in— 

creasing dot density，so that sample D with the highest dot 

density has a well pronounced negative magnetoresistance． 

The thin grey curve for sample D is theoretical fit to ref[4]． 

tions between the lowest Landau level and the iron lev- 

e1． Whereas the low．field transitions are within the 

range of the CR， beyond the level—crossing at about 

250 T two transitions without any perturbations of other 

transitions are expected．The necessary field range a— 

bore 250 T is，however，an extreme challenge for the 

experimentalist．Magnetic fields higher than 300 T can 

be generated only in a destructive way by flux compres— 

sion．The range above 600 T is accessible only by the 

explosive flux compression，so that the actual experi— 

ment has to be performed inside a concentric violent 

detonation of about 1 6 kg TNT corresponding to 64 M— 

Fig．3 Experimental data of the relative magnetotransmis— 

sion T(B)／T(B=0)of 1 17．2 meV—radiation through low— 
concentration HgSe for different temperatures in up—and 

down—sweep 

Joule．This violent environment requires very sophisti— 

cated experimental arrangements．For the data record— 

ing EMP—proven electronics has to be applied． In 

g．5 we have plotted the corresponding of the magne— 

totransmission of 1 0．6 m radiation through HgSe： 

Fe _6 j
． The strong absorption below 1 00 T originates 

from the CR of quasi—free electrons． In the range be— 

yond about 200 T，rather broad but weeks absorptions 

are detected．From fig．4 it is quite evident that these 

absorption can be assigned to the transition from the 

bound Fe—state to the quasi—free Landau states． The 

matrix element seems to be rather week，but non—va— 

nishing．As a consequence we can state that there is a 

small，non—zero coupling and hence hybridisation of 

the bound Fe—state and the quasi—free electrons， at 

least in intense magnetic fields． This coupling，howe— 

ver， is only small，so that the proposed FRIEDEL— 

mechanism of resonance scattering to explain the 

dramatic mobility increase in HgSe：Fe is not very 

probable， so that the MYCIELSKI／WILAMOWSKI 

model of charge correlation seems to be much more re— 

alistic[8,9]
． 
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nishing. As a consequence we can state that there is a 

small , non-zero coupling and hence hybridisation of 

the bound Fe-state and the quasi-free electrons , at 

least in intense magnetic fields. This coupling , howe

ver , is only small , 50 that the proposed FRIEDEL

mechanism of resonance scattering~71 to explain the 

HgSe: Fe is not veη 

MYCIELSKI/WILAMOWSKI 

The author would like to thank all his national and 

Joule. This violent environment requires very sophisti

cated experimental arran芭ements. For the data record

ing EMP-proven electronics has to be applied. 

fig. 5 we have plotted the corresponding of the magne

totransmission of 10. 6μm radiation through HgSe: 

Fe [61. The strong absorption below 100 T originates 

from the CR of quasi-free electrons. In the range be

yond about 200 T , rather broad but weeks absorptions 

are detected. From fig. 4 it is quite evident that these 

absorption can be aS5igned to the transition from the 

bound Fe-state to the quasi-free Landau states. 

matrix element seems to be rather week , but non-va-

The 

probable , 

model of charge correlation seems to be much more re

alistic [自少

Without them not a single ex-

n 冒
·
且

Fig. 3 Experimental data of the relative magnetotransmis
sion T(B)/T(B =0) of 117. 2 meV-radiation through low
concentration HgSe for different ternperatures in up-and 
down-sweep 
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range of the CR , beyond the level-crossing at about 

250 T two transitions without any perturbations of other 

transitions are expected. The necessary field range a

bove 250 T is , however , an extreme challenge for the 

experimentalist. Magnetic fields higher than 300 T can 

be generated only in a destructive way by f1 ux compres

sion. The range above 600 T is accessible only by the 

explosive f1 ux compression , so that the actual experi

ment has to be performed inside a concentric violent 

detonation of about 16 kg TNT corresponding to 64 M-

Whereas the low-field transitions are within the 

tions between the lowest Landau level and the iron lev-

Fig. 2 Magnetoresistance curves for the samples B, C, and 
D show a decrease of positive magnetoresistance with in
creasing dot density , so that sample D with the highest dot 
density has a well pronounced negative magnetoresistance 
The thin grey curve for sample D is theoretical fit to ref[ 4 ] . 
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Fig．4 Scheme of Landau levels in the conduction band of 

HgSe for magnetic fields B up to 1000 T．The horizontal line 

indicates the Fermi 1evel pinned to the Fe ．state．the ar— 

rows are the possible transitions into and out of the bound 

Fe．．state with respect to quasi．．free states of the conduction 

band 

O 7O 
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Fig．5 The experimental data of the relative transmission of 

10．6 m—radiation T(B)／T(B：0)show below 100 T the 
strong cyclotron resonances，whereas the week absorptions a— 

bove 150 T may be interpreted as transitions from the bound 

Fe 一level into the 1owest La ndau levels 
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Fi芭. 4 Scheme of Landau levels ín the conduction band of 
H芭Se for magnetic fields 8 up to 1ωo T. The horizontal line 

índicates the Fermi level pinned \0 the Fe 令 -state ， the ar

rows are the possíble transitíons ínto and out of the bound 

Fe-state with respect to quasí-free states of the conduction 

band 
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Fí芭. 5 The experimental data of the relative transmission of 

10.6μm-radiatíon T(8)/T(8 =0) show be\ow 100 T the 

stron芭 cyclotron resonances , whereas the week absorptíons a
bove 150 T may be interpreted as transítíons from the bound 

Fe + + -level into the lowest Landau levels 
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