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Heating caused by electrons with excess kinetic energy has been investigated in a magnetic two-dimensional
electron gas in Hg1−xMnxTe/Hg0.3Cd0.7Tes001d quantum wells. The temperature of the Mn ionsTMn has been
determined by the node positions in the beating pattern in Shubnikov–de Haas oscillations. The experimental
dependence ofTMn on current and therefore on electron temperature, is in excellent agreement with a rate
equation model.
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I. INTRODUCTION

In the recently introduced magnetic two-dimensional elec-
tron gas(M2DEG)1 magnetic ions(usually Mn ions) are ex-
change coupled to the 2DEG. Spin interactions2 and spin
dependent transport and localization1 have been investigated
in these systems. The Mn ions induce a giant Zeeman split-
ting of the electron states, which results in a pronounced
beating in the Shubnikov–de Haas(SdH) oscillations.3,4 In a
narrow gap M2DEG in Hg1−xMnxTe quantum wells(QW’s)
with an inverted band structure, Rashba, Zeeman, and
Landau effects have been shown to be of comparable
magnitude.5 In this material system, the giant Zeeman split-
ting caused by thesp-d exchange interaction can be effi-
ciently suppressed by increasing the manganese temperature,
while the spin-orbit (SO) splitting only depends on the
asymmetry6 of the QW and is not sensitive to temperature.5,7

The band structure of this system, which has been deter-
mined by means of optical8 and magnetotransport9 experi-
ments combined with self-consistentk ·p calculations, is dis-
tinguished by a first conduction subbandsH1d with heavy
hole character and consequently a large SO splitting.5,9

Recently, Kelleret al.10 have found an efficient energy
transfer from the photoexcited carriers to the Mn system,
which raised the temperature of the magnetic ion system in a
Zn1−xMnxSe/Zn1−yBeySe M2DEG. However, the power of
the laser radiation is much higher than that of the current
normally employed in a magnetotransport experiment. Thus
a comparison of these two methods is of interest. In this
article, we report on the current heating of the 2DEG and the
Mn ion system in Hg1−xMnxTe/Hg0.3Cd0.7Tes001d QW’s.
Samples with different Mn concentrations have been studied
as a function of current by means of their SdH oscillations in
the resistivity rxx. It has been found that relatively small
current densities cause a strong suppression of the giant Zee-
man splitting of the conduction electrons, and this effect is
strongly dependent on the Mn content.

II. EXPERIMENTAL DETAILS

A series ofn type Hg1−xMnxTe/Hg0.3Cd0.7Tes001d QW’s
were grown by molecular beam epitaxy on

Cd0.96Zn0.04Tes001d substrates. The QW’s were modulation
doped using CdI2 as a doping material. The Hg1−xMnxTe
well width is 12 nm and the Hg0.3Cd0.7Te barriers consist of
a 5.5 nm thick spacer and a 9 nm thick doped layer. The Mn
concentrationx of the Hg1−xMnxTe well was determined by
means of energy dispersive x-ray fluorescence(EDAX) on
thick epitaxial layers of Hg1−xMnxTe. This was done for a
series ofx values in order to improve the accuracy.

Standard Hall bars with a width of 200mm were fabri-
cated by wet chemical etching. A 200 nm thick Al2O3 film
was deposited on top of the structure, which serves as an
insulating layer, and Al was evaporated to form a metallic
gate on top of this layer. Ohmic indium contacts were fabri-
cated by thermal bonding. Magnetotransport measurements
were carried out using dc techniques with currents of
1 mA to 1.2 mA in magnetic fields ranging up to 7 T and
bath temperatures down to 1.4 K. The carrier concentrations
and the Hall mobilities were determined to be 3.3
31012 cm−2 and 5.23104 cm2/V s for Q1697 sx=0.015d,
and 4.231012 cm−2 and 2.03104 cm2/V s for Q1715 sx
=0.064d at 4.2 K for zero gate voltage from low magnetic
field Hall measurements.

III. RESULTS AND DISCUSSION

Figures 1 and 2 show a distinct beating pattern in the SdH
oscillations of samples Q1697sx=0.015d and Q1715sx
=0.064d for various currents at 1.4 K. Nodes in the beating
pattern shift with current but can no longer be resolved when
the current exceeds 1 mA. These nodes correspond to the
equivalence of the spin splitting energy and that of a half
integer multiple of the Landau splitting energy. In our
Hg1−xMnxTe/Hg0.3Cd0.7Te samples, the total spin splitting
energy is a combination of Rashba11 SO and giant Zeeman
splitting energies.5 The Rashba SO effect is due to the struc-
ture inversion asymmetry of the quantum well. However the
Rashba effect does not depend on temperature,7 and conse-
quently does not influence the results. Only currents were
employed which did not change the 2DEG concentration and
therefore the asymmetry of the QW, i.e.,ø400 mA and
ø1.2 mA for Q1697 and Q1715, respectively.
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Only giant Zeeman splitting depends on the temperature
of the Mn ions TMn according to the phenomenological
expression12–14

EZ = g0mBB − sDEdmaxB5/2F s5gMnmBBd
2kBsTMn + T0dG , s1d

wheregMn=2, mB is the Bohr magneton,B is the magnetic
field, andg0 is the g factor for a HgTe QW without Mn,15

i.e., g0=−20. B5/2sxd is the Brillouin function for a spin of
S=5/2,empirically modified by using a rescaled temperature
TMn+T0 to account for antiferromagnetic spin-spin interac-
tion, andsDEdmax is the saturated splitting energy caused by
sp-d exchange interaction. IfsDEdmax andT0 are known, then
this modified Brillouin function can be used to determine the
TMn. To accomplish this the nodes in SdH oscillations at

known lattice temperatures and a current of 1mA were ana-
lyzed, see, for example, Fig. 3. The resulting values of
sDEdmax and T0 for Q1697 and Q1715 together with other
experimental and semiempirical values forT0 from a mag-
netic susceptibility study of Hg1−xMnxTe alloys,16 are listed
in Table I. Obviously the experimental values ofT0 are in
good agreement with those of Bastard and Lewiner.16

Hence,TMn for the current heating experiment can be de-
termined via Eq.(1). Finally, the temperature of the hot elec-
trons has been determined from the temperature dependence
of the amplitudesAsTed of the fast Fourier transformation of
the SdH oscillations,17 which scales as follows:

AsTed =
X

sinhsXd
, s2d

where

X = 2p2kBTe

"vc
s3d

and the electron effective massm* is 0.054m0 and 0.051m0
for Q1697 and Q1715, respectively.

The results forTe andTMn are shown for Q1715 in Fig. 4
as a function of current squaredI2. The increase in electron
temperature is proportional toI2 at low current values up to
about 100mA. The energy relaxation time associated with

TABLE I. Experimental values forsDEdmax and T0 from this
work and experimental(a) and semiempirical(b) values after Bas-
tard and Lewiner(Ref. 16).

x
sDEdmax

meV
T0

K
(a) T0

exp

K
(b) T0

th

K

Q1697 0.015 4.5±0.5 2.5±0.5 3.0 3.3

Q1715 0.064 24±4 5±1 5.6

FIG. 1. SdH oscillations at various currents for sample Q1697
sx=0.015d at a lattice temperatureTL of 1.4 K. The curves from
bottom to top corresponded to the currents of 1, 10, 20, 50, 75, 100,
150, 200, 300, and 400mA, respectively. The plots are offset 2V
for clarity.

FIG. 2. SdH oscillations at various currents for sample Q1715
sx=0.064d at TL=1.4 K. The curves from bottom to top corre-
sponded to the currents of 5, 10, 20, 50, 75, 100, 150, 200, 300,
400, 500, 600, 800, 1000, and 1200mA, respectively. The plots are
offset 2V for clarity.

FIG. 3. SdH oscillations for Q1715sx=0.064d at temperatures
of 1.4, 2.0, 2.5, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 10, 12, 14, 16, 18, 20, 23,
26, 31, and 41 K from bottom to top. The plots are offset 5V for
clarity.
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energy transfer to the 2DEGte should be related to their
increase in temperature by the heat balance equation

cvDTe = sI/Wd2rxxte, s4d

where the electronic heat capacity per unit area is given by
cv=sp2/3dskBT/EFdnkB, W is the width of the Hall bar,rxx

the resistivity, andn the electron density. From the experi-
mental values for low currents, which are given by the slope
of the straight line in Fig. 4, rxx=115V, n=4.2
31012 cm−2, and EF=220 meV, we findte,7310−11 s,
which is a reasonable value for a 2DEG in a QW.18

Deviation from theI2 dependence at higher currents indi-
cates that lattice heating effects are no longer negligible;
however, due to the large heat capacity of the HgTe lattice
compared to that of the 2DEG, any increase in the lattice
temperatureTL is assumed to be negligible, particularly for
I ø100 mA.

At a given current, the temperature of the electrons is
much higher than that of the Mn ions. As discussed in Refs.
10 and 19, the hot carriers will lose some of their excess
energy to the Mn ion system via spin-flip scattering as well
as to the lattice. The heat loss from the Mn system to the
lattice is determined by the spin lattice relaxation rate(SLR).
In very dilute systems withx,0.01, where Mn ions are iso-
lated entities, the spin-lattice relaxation time is extremely
long. However, it decreases by several orders of magnitude
with an increasing concentration of Mn ions, when clusters
of three or more magnetic ions are formed.20 Under the in-
fluence of steady-state heating, the resulting spin temperature
TMn will exceed the lattice temperature. The temperature dif-
ference is determined by the energy flux and the SLR.

If the temperature difference between Mn and the lattice
is small then according to the rate equation model of König
et al.19

1

TMn
−

1

TL
=

tSL

tSL + ste-Mn + tsd
S 1

Te
−

1

TL
D , s5d

wheretSL, te-Mn, andts are the spin-lattice, electron-Mn ion,
and electron spin relaxation times, respectively. By means of

recursive substitution, this equation can be exactly rewritten
as

TMn − TL

TL
=

ay

1 + ys1 − ad
, s6d

where

a =
tSL

tSL + ste-Mn + tsd
s7d

and

y =
Te − TL

TL
s8d

The condition thatTMn−TL is small, is fulfilled at low current
densities where in additionTe−TL=bI2, e.g., see Fig. 4. The
subsequent application of either Eq.(5) or (6) for these cur-
rent densities results in values which are in very good agree-
ment with experiment as can be seen in Fig. 5. Good agree-
ment is obvious in the inset whenTMn−TL is small, whereas
a large deviation can be seen at higher Mn temperatures.
Furthermore, the ratio oftSL/ ste-Mn+tsd has been determined
from the resulting value ofa and is listed in Table II for both
QW’s. If tSL and its Mn dependence is assumed to be similar
to that of other Mn containing II-VI hererostructures,10 then
the Mn dependence oft, wheret=te-Mn+ts, can be deter-
mined according to

TABLE II. Experimental values fora, b, and tSL/ ste-Mn+tsd,
i.e., a/ s1−ad.

x bsK/ mA2d a tSL/ ste-Mn+tsd

Q1697 0.015 5.2310−4 0.94±0.02 16.7±6.0

Q1715 0.064 2.0310−4 0.50±0.10 1.0±0.4

FIG. 4. Temperature of the electrons and Mn ions in Q1715sx
=0.064d versus current squared. The straight dashed line represents
the slope ofTesI2d at low currents.

FIG. 5. The Mn temperature versus current for Q1697sx
=0.015d and Q1715sx=0.064d at TL=1.4 K and low current densi-
ties. The inverse Mn temperature is plotted versus the inverse elec-
tron temperature for Q1715 in the inset. The solid lines represent
the calculated results of either Eq.(5) or (6).
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tSLs0.015d
tSLs0.064d

ts0.064d
ts0.015d

= RSLR
−1 = Rexp, s9d

whereRSL, R−1, andRexp are the corresponding ratios. Using
Rexp<17 and values for other II-VI materials,10 i.e., RSL
<70±30, results inR<4. In other words,ste-Mn+tsd also
increases with decreasing Mn concentration.

IV. CONCLUSIONS

By analyzing nodes in the beating pattern of SdH oscilla-
tions in a M2DEG in Hg1−xMnxTes001d QW’s, the tempera-
ture of the electrons as well as that of the Mn ions have been
determined. WhenTMn−TL is small, experimental values of
TMn are in excellent agreement with the predictions of a rate

equation model. This leads to estimated values for the ratio
of tSL/ ste−Mn+tsd. These ratios are consistent with the
shorter spin-lattice relaxation times for other II-VI materials
at higher Mn concentrations,10 as well as lower values of
ste-Mn+tsd.
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