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The perpendicular and parallel components of the magnetization of the mixed valence system
Hg12xFexSe in the strongly dilute limit (x,1023) have been measured in magnetic fields up to 20 T. In this
interesting semimagnetic semiconductor the overall magnetization is caused simultaneously by Fe31 ~Brillouin
paramagnet!, Fe21 ~van Vleck paramagnet!, and free electrons~diamagnetic de Haas–van Alphen effect!.
Using a torque magnetometer the various contributions with their anisotropy are individually determined. For
very low iron content (x,2.431024) the Fe donors exclusively exhibit an isotropic Brillouin paramagnetism
of noninteracting Fe31 ions. For higher concentration Fe21 also exists. Coexisting with the Brillouin para-
magnetism of Fe31 the Fe21 reveal an induced van Vleck-type paramagnetism with a crystal-field-induced
anisotropy. This anisotropy is analyzed by measuring the induced magnetic moment perpendicular to the
magnetic field when applying the field in a nonsymmetric direction of the crystal. Using recent theoretical
results on the energy-level diagram of Fe21 in theTd symmetry of a HgSe host lattice we deduce a spin-orbit
level splitting of 2 meV from our experimental data. In contrast to higher concentration samples, both the
Brillouin paramagnetism of Fe31 and the van Vleck paramagnetism of Fe21 can be attributed to the sum from
individual Fe donors with no obvious magnetic interaction between them. Finally, we also have measured de
Haas–van Alphen oscillations of the conduction-band electrons with amplitudes of the same order as the
paramagnetic background. From the measured crystal-field-induced anisotropy in the magnetic moment we
deduce a Fermi-surface anisotropy of about 7%.@S0163-1829~96!01945-5#

I. INTRODUCTION

In the semimagnetic semiconductor Hg12xFexSe, a
mixed valence system of Fe31 and Fe21,1 the overall mag-
netization is caused simultaneously by the Brillouin para-
magnetism of Fe31, the van Vleck paramagnetism of
Fe21, and the diamagnetic de Haas–van Alphen~dHvA! ef-
fect of free electrons.2 The magnetism of Fe21 in HgSe and
similar iron-based semimagnetic semiconductors has been
studied intensively in recent years and analyzed in terms of a
van Vleck-type paramagnetism with a crystal-field-induced
anisotropy.3–6

However, apart from Fe21 also a very small quantity of
Fe31 exists in the system. This is related to the fact that in
the zero-gap system HgSe a resonant Fe21 state is situated
about 220 meV above the conduction-band edge.1 Therefore,
a small amount of Fe atoms loses an electron to the conduc-
tion band until the Fermi energy reaches the Fe21 level. The
remaining iron atoms will stay in the 21 valence state, and
the system forms a mixed valence system with both Fe21

and Fe31 present. If the Fe concentration is lower than a
critical valuenc'4.531018 cm23 ~corresponding to an Fe
content ofx'2.431024), the Fermi energy remains below
the Fe21 level and only ionized iron atoms in the 31 va-
lence state exist.

Apart from the paramagnetic background of the iron do-
nors, dHvA oscillations occur in the magnetism of the sys-
tem provided the electron mobility is high enough.7 This
contribution also reveals an anisotropic behavior due to a
slight anisotropy of the Fermi surface in the zinc-blende host

lattice. The number of electrons equals the number of Fe31

impurities. Therefore, if only a few Landau levels are occu-
pied ~which is the case for magnetic fields exceeding 10 T!,
the dHvA amplitude is of the same order of magnitude as the
Fe31 saturation magnetization, namely, a few Bohr magne-
tons per electron.

In this work we perform an experimental analysis of the
magnetic properties of iron donors in strongly diluted
Hg12xFexSe and the dHvA effect of the free electrons. In
Sec. II we will first describe the experimental procedure and
explain how torque magnetometry can be used to measure
accurately a small magnetization both parallel and perpen-
dicular to the applied magnetic field. In Sec. III we will then
introduce shortly into the theoretical background concerning
the magnetism of Fe31, of Fe21 in the crystal field of a
HgSe host lattice and the dHvA effect of free electrons.

The experimental results are presented and analyzed in
Sec. IV. For very low concentrations (nFe,nc) we will show
in Sec. IV A that the magnetism of the Fe donors can be
described qualitatively as well as quantitatively by an isotro-
pic Brillouin paramagnetism of noninteracting Fe31 ions.

For higher concentrations an anisotropy begins to appear
in the magnetization which is attributed to the crystal-field-
induced anisotropy of a van Vleck-type paramagnetism of
Fe21 ~Sec. IV B!. Rather than looking at the magnetization
parallel to the applied magnetic field we will use torque mag-
netometry to concentrate on the perpendicular magnetization
which only occurs for an anisotropic system, i.e., for Fe21,
but not for Fe31, and neither for the diamagnetism of the
lattice. The results are interpreted in the framework of re-
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cently published theoretical work on the magnetic properties
of Fe21 in theTd crystal field of a II-VI host lattice.6

Finally, we will investigate the anisotropy of the Fermi
surface in Sec. IV C by looking at the perpendicular and
parallel components of the oscillating contributions of the
magnetization.

II. EXPERIMENT

The samples were grown using the Bridgeman method at
the Polish Academy of Science. Subsequently they were ori-
ented using standard Laue techniques and cut with a wire-
erosion machine to parallelepipeds of about 331.531.5
mm3 with the faces oriented in the~100! direction. We mea-
sured samples with four different nominal iron concentra-
tions nFe52.5, 5, 7.5, and 1031018 cm23 both below and
above the critical iron concentration for the existence of a
mixed valence system.

To measure magnetization we used a highly sensitive tor-
sional magnetometer8 as sketched in Fig. 1. It consists of a
rotating printed circuit board which is fixed on a 100mm
tungsten wire. Perpendicular to the wire axis an arm is
mounted on which the sample is fixed in a distancedW from
the wire. A torque on the system will rotate the central board.
The rotation anglew with respect to the equilibrium position
of the device is determined by measuring the change in the
ratio of the capacitancesCAB /CAC between the rotating in-
ner electrodeA and the fixed outer electrodesB andC.

A magnetizationMW of the sample will lead to a torque
TW on the device given by

TW 5¹W ~MW •BW !3dW 1MW 3BW . ~2.1!

The first term arises from the force¹W (MW •BW ) exerted on the
sample if it is placed in a field gradient; the second one
measures the componentM' of the magnetization perpen-

dicular to the applied magnetic field and to the torque axis.
In our experiments the torque axis is perpendicular to the
applied magnetic field.

The torque meter is calibrated by applying a currentI
through a feedback coil wound around the central electrode.
This current produces a magnetic momentM fb5IA (A is the
surface of the coil! perpendicular to the applied magnetic
field which leads to a calibrated torqueT5M fbB on the mag-
netometer.

Since the natural field gradient in a coil is proportional to
the total fieldB, Eq. ~2.1! can be rewritten in the form

T5B~aM i1M'!, ~2.2!

whereM i is the component ofMW in the field direction and
a is a geometric factor depending on the position of the
sample in the coil and its distanced to the torque axis. Since
a is in general small~of the order of a few percent!, the
torque meter is much more sensitive to a perpendicular mag-
netizationM' arising from a magnetic anisotropy than to the
isotropic contributionM i . In the case when either no field
gradient is present or the sample is placed or the torque axis
a equals zero. This configuration is generally used to mea-
sure the magnetic properties of highly anisotropic systems
like two-dimensional electron gases,9 organic conductors,10

and high-Tc superconductors.8 On the other hand, as de-
scribed above, mounting the sample at a finite distanced
from the torque axis and measuringT for two different po-
sitions of the torque meter~i.e., two different values ofa)
not onlyM' but also the isotropic contributionM i can be
obtained.

We have measured several HgSe:Fe samples in the mag-
netic field of a Bitter coil up to 20 T. The samples were
placed in a distance ofd'5 mm from the torque wire either
close to the center of the magnetic field or in a vertical dis-
tance of about 5 cm from the center where an appreciable
field gradient is present. These two positions correspond to
a50.002 anda50.033, respectively. The absolute value of
a can be determined within about 10%, the error mainly
arising from the uncertainty in the distanced of the sample
to the torque wire. This leads to the same uncertainty in the
absolute calibration of the magnetizationM i .

III. THEORETICAL BACKGROUND

The ground state of Fe31 is a spin sextet6S5/2 with zero
orbital momentum. The permanent magnetic moment leads
to a Brillouin-type paramagnetic behavior. In that respect
Fe31 is isoelectronic to Mn21 the properties of which in
diluted magnetic semiconductors have been studied very
extensively.11 For low enough concentrations the Fe-Fe
interactions can be neglected. Since the ground state of
Fe31 has no orbital momentum, noLS coupling exists and
thus no crystal-field-induced anisotropy can occur. There-
fore, the magnetization of Fe31 in HgSe is described accu-
rately as that of free Fe31 ions which will be confirmed
experimentally in Sec. IV A.

Fe21 is more complicated, since the free-ion ground state
5D0, with a vanishing magnetic moment, is split in the tet-
rahedal crystal field of the HgSe lattice into an orbital dou-
blet 5G3 and an orbital triplet5G5 situated an energyD

FIG. 1. Sketch of the torque magnetometer.
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above 5G3.
12 Due to the strong spin-orbit interaction

HSO5lLW •SW , 5G3 splits into five equidistant levelsG1, G4,
G3, G5, andG2 separated by 6l2/D. An applied magnetic
fieldBW removes the remaining degeneracy of these levels and
ten individual energy levels are found. Since the energies of
these levels have a different magnetic field dependence for
different directions of the magnetic field, an anisotropy in the
total magnetization is observed.4–6

In more general terms, in theTd symmetry of a crystal the
dependence of any scalar physical propertyx on the direction
of the magnetic fieldnW 5BW /B can be expanded as a function
of even powers of the components ofnW such that each term is
invariant under the symmetry operations of theTd symmetry:

x~B,nW !5x0~B!1 (
k51

`

x2k~B! f 2k~nW !, ~3.1!

wherex0(B) is field dependence ofx if a magnetic field is
applied in the@100# direction. In theTd symmetry the first
nonvanishing terms of the expansion aref 4(nW )5(nx

2ny
21

ny
2nz

21nz
2nx

2) and f 6(nW )5(nx
2ny

2nz
2).13

Applying this concept to the free energy
F(B,T)52kTln(iexp@2ei(B)/kT# we can calculate the mag-
netic momentmW 52dF/dBW per Fe21 atom. Heree i(B) are
the individual energy states of a Fe21 in a Td environment
calculated theoretically in Ref. 6. In principle, this can be
done for any direction of an applied magnetic field up to an
order 2k (k>2) by calculating the energy levelse i for k
discrete field directions. Restricting ourselves to the lowest
nonvanishing orders the free energy can be written as

F~BW ,T!5F0~B,T!1F4~B,T! f 4~nW !1F6~B,T! f 6~nW !•••.
~3.2!

The components of the magnetic moment per iron atom are
given by

mr52
dF0
dB

2
dF4
dB

f 42
dF6
dB

f 62•••,

mq52
F4

B

d f4
dq

2
F6

B

d f6
dq

2•••, ~3.3!

mw52
F4

Bsinq

d f4
dw

2
F6

Bsinq

d f6
dw

2•••,

where (r ,q,w) represent the direction of the magnetic field
with respect to the@100# direction of the host lattice. Only
for a field applied in a symmetry direction of the crystal will
both the perpendicular componentsmq andmw vanish.

As can be seen in Eq.~3.3! the magnetic momentmr
parallel to the field is essentially given by2dF0 /dB. Since
the crystal-field-induced angular-dependent modifications
F4 ,F6 , . . . are in general small with respect toF0, only a
small anisotropy in the parallel magnetization occurs.4,5 In
contrast, for a field applied in a nonsymmetry direction of the
crystal, the first nonvanishing term in the magnetic moment
perpendicular to the field is proportional toF4 /B and mea-
sures directly the anisotropy of the free energy.

Measuring torque in the absence of a field gradient there-
fore provides a quantity which only reflects the anisotropy,
independent of the large background in the parallel magne-
tization, and is given byTW 5BW 3mW ' . In the particular case
with the torque axis perpendicular to theq direction ~as in
our experiments! the torque per ion can be expressed as

tw52F4

d f4
dq

2F6

d f6
dq

2•••. ~3.4!

Restricting ourselves to the first term we can calculate
F4 using the energy level scheme of Fe21 in a Td crystal
field given in Ref. 6 by calculating the free energyF [100] for
a magnetic field applied in the@100# direction andF [111]
for a field applied in the @111# direction as
F45(F [111]2F [100])/3.

As described in Sec. I the same number of Fe31 and free
electrons in the conduction band exist~neglecting electrons
from other impurities and vacancies, of course!. In a quan-
tizing magnetic field the magnetization of these electrons
will exhibit dHvA oscillations. The value and the direction
of the oscillatory contribution to the magnetization can be
written as14

MW 52
3

23/2p

m

m*
nmBAB

P(
p51

`
~21!p

p3/2
pXT

sinh~pXT!
e2pXD

3cos~ppn!sinF2pp
P

B
2

p

4 Gm̂, ~3.5!

where

m̂5nW r1
1

P

dP

dq
nW q1

1

Psinq

dP

dw
nW w .

The normalized vectorsnW i again assign the direction of the
magnetic field. The amplitudes are damped by tempera-
ture (XT52p2kBT/\vc) and level broadening
(XD52p2kBTD /\vc , whereTD is the Dingle temperature!.
The dHvA frequencyP can be defined with the extremal
cross sectionAext of the Fermi surface perpendicular to the
magnetic fields by

P5S \

2peDAext. ~3.6!

For a spherical Fermi surface the extremal cross section is
Aext5pkF

2 (kF is the Fermi wave vector!. With
kF5(3p2nel)

1/3 for parabolic bands we can directly deduce
the free-electron concentrationnel from the dHvA frequency.

The angular dependencedF/FQ measures the Fermi sur-
face anisotropy caused by a different dispersion in different
crystal directions. This quantity can by determined directly
by measuring the longitudinal and the transverse magnetiza-
tion Mr andMq simultaneously. The resolution of such a
method is given by the resolution of the ratioMq /Mr .

For metals, with a large Fermi-surface anisotropy
(Mq /Mr'1) this technique is widely used to perform dHvA
analysis onMq .

14 But also for semiconductors with a rather
small Fermi-surface anisotropy of the order of a few percent
the strong sensitivity of the torque onMq allows one to see
the Fermi-surface anisotropy directly by applying a magnetic
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field in a nonsymmetry direction of the crystal. This is in
contrast to direct magnetization measurements7 where the
Fermi-surface anisotropy only can be deduced from distinct
dHvA measurements with a magnetic field applied in differ-
ent crystal directions.

IV. RESULTS AND DISCUSSION

A. Brillouin paramagnetism of Fe31

The experimentally measured torque for a sample with a
very low Fe concentration~sample A, nominal iron concen-
trationnFe52.531018 cm23) is shown in Fig. 2. Three other
samples~cut from the same mother piece! showed qualita-
tively as well as quantitatively the same results. In Fig. 2~a!
the magnetic field has been oriented~within about 5°) in the
~100! direction of the crystal and the torque axis along the
~001! direction. In order to investigate anisotropy, we have
rotated the sample from the@001# direction by230° and
performed the same set of experiments with the magnetic
field applied in the@1.7 21 0# direction; the torque was
measured again along@001# @Fig. 2~b!#. In an anisotropic
system, an additional torque is expected due to the magneti-
zationM' for fields away from symmetry direction.

In the presence of a field gradient~solid lines,
a50.033) the torque for both field orientations is dominated
by a temperature-independent diamagnetic background, lead-
ing to a quadratic field dependence in the signal. The main
part of this background arises from the diamagnetism of the
HgSe lattice, a small part from the diamagnetic background

of the magnetometer. This diamagnetic background is isotro-
pic (M'

diam50 for both field directions! as seen from the
independence of the signal on the direction of the applied
magnetic field~oriented along a symmetry direction of the
crystal or not! and from the almost negligible background in
a much smaller gradient (a50.002, dashed line!.

With a small field gradient (a50.002) the dominant part
to the signal is the contribution from the dHvA oscillations
arising from an anisotropic Fermi surface.7 As expected, this
anisotropic contributionM'

dHvA to the dHvA effect is small if
the field is oriented close to a symmetry direction of the
crystal @Fig. 2~a!# and is strongly enhanced if the magnetic
field is not oriented in a symmetry direction@Fig. 2~b!#; see
Sec. IV C for more details.

Removing the diamagnetic background and using Eq.
~2.2! we can determine the magnetizationM i andM' of the
sample which contains a paramagnetic background arising
from the Fe donors and an oscillatory contribution arising
from the dHvA effect of the electrons. The nonoscillatory
part of the paramagnetic contribution to the torque is found
not to depend on the orientation of the field and no perpen-
dicular contributionM'

paraexists for any field direction. This
behavior is expected for the angular singlet (L50) ground
state of Fe31 which forbids coupling of different eigenstates
with the crystal field, thus leading to an isotropic magnetic
field dependence. Therefore, the spin of 5/2 leads to a total
magnetic moment ofJ55/2. Like for Mn in a II-VI host
lattice11 Fe-Fe interactions are found to be totally negligible
for the very low concentrations we are dealing with. The
total magnetization is thus simply given by the sum of the
magnetic moments of individual Fe31 ions.

This statement is verified experimentally in Fig. 3 where
we have plotted the magnetizationM i for BW i @100#. The
same results were obtained for other field directions and also
for different samples with the same iron content. In the same
figure the theoretically expected curvesngJBJ(gJmBB/kT)
are plotted. HereBJ(x) are the Brillouin functions,n is the
iron concentration,J55/2 is the total momentum of a
Fe31 atom,g52 is itsg factor, andmB59.27310224 J/T is
the Bohr magneton. The only fit parameter we used is the
iron concentration which was found to be 3.031018 cm23.
The experimentally measured saturation value corresponds
to the theoretically expected value of 5mB per atom. The
discrepancy between the experimentally found Fe concentra-
tion and the nominal Fe content of 2.531018 cm23 is due to
a technological uncertainty of the precise content and to an
uncertainty in the calibration of the magnetization axis~see
Sec. II!.

Independent from the magnetization due to the Fe31 im-
purities we can determine the free-electron concentration us-
ing the dHvA effect. From a dHvA period ofF570 T we
find nel53.331018 cm23, slightly higher than the iron con-
centration of nFe53.031018 cm23 determined from the
saturation magnetization. Apart from the already above men-
tioned reasons this small discrepancy is also due a small
Fermi-surface anisotropy and a nonparabolicity of the con-
duction band, leading to an error in the deduction ofnel from
dHvA experiments. Moreover, free electrons may not only
originate from Fe donors but also from Se vacancies in the
host lattice.

FIG. 2. The raw torque of sample A~nominal Fe concentration
nFe'2.531018 cm23) measured fora50.033 ~solid lines! and
a50.002~dashed lines!. In ~a! the magnetic field is oriented along
@100#, in ~b! along @1.7 21 0#.
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B. Anisotropic van Vleck paramagnetism of Fe21

The magnetization of the Fe31 described above is mark-
edly different from the magnetism of Fe21 in theTd crystal-
field environment of the HgSe lattice which is known to
reveal a crystal-field-induced magnetic anisotropy at low
temperatures. In Fig. 4 we show the experimental torque of
sample B~nominal Fe concentrationnFe'1031018 cm23)
with a 4 times higher Fe content than sample A, and well
above the critical concentration where a mixed valence sys-
tem of Fe31 and Fe21 is expected.

For a field parallel to the symmetry direction@100#
~within 5°) the torque is again essentially due to a diamag-
netic background dominating at high temperatures and a
paramagnetic contribution parallel to the field dominating for
lower temperatures.~The diamagnetic background at
a50.002 andT54.2 K is mainly due to the intrinsic dia-
magnetism of the magnetometer.!

If the field is turned away byQ530° from the @100#
symmetry direction (Bi@1.7 1 0#), the situation changes
drastically. At low temperatures, a torque appears which is
essentially independent of the field gradient and which is
also an order of magnitude larger than that due to a parallel
magnetization visible in Fig. 4~a!. This additional contribu-

tion is therefore caused by a magnetizationperpendicularto
the magnetic field and reflects solely the anisotropy of Fe
21.
To visualize this we have plotted the perpendicular torque

T' at 4.2 K only due to the perpendicular magnetization for
four samples with different Fe concentrations (nFe52.5, 5,
7.5, and 1031018 cm23) in Fig. 5; the diamagnetic back-
ground of the magnetometer has been removed. As described
in Sec. II we can extractT' from T'5@a2T(a1)
2a1T(a2)#/(a22a1), whereT(a i) is the experimentally
measured total torque fora150.002 anda250.033, respec-
tively. Since the total torque fora150.002 only differs by
less than 2% from the perpendicular torque, the above ex-
traction procedure forT' is very insensitive to uncertainties
in a. We can therefore extrapolate the lines up to a maximal
magnetic field of 20 T~as achieved whena50.002) by ex-
trapolating the results fora50.033 to 20 T without making
a relative error larger than the experimental uncertainties.

As shown in Fig. 5 a perpendicular magnetization begins
to show up with increasing Fe concentration: For the lowest
concentration~nominally nFe52.531018 cm23, experimen-
tally deducednFe5331018 cm23; see Sec. IV A! no Fe21

exists in the system and therefore no perpendicular magneti-
zation occurs in the paramagnetic background. For higher Fe
concentrations the torque and therefore the perpendicular
magnetization is proportional to the Fe21 concentration as
shown in the inset of Fig. 5. Here the Fe21 concentration has
been deduced from the total Fe concentration reduced by the
Fe31 concentration, which is essentially independent of the
total Fe concentration for concentrationsnFe>531018

FIG. 3. The magnetizationM i of sample A (x'1.431024) for
a magnetic field oriented in the@100# direction. The diamagnetic
background of the lattice and of the magnetometer has been re-
moved. The dashed lines represent the theoretically expected Bril-
louin paramagnetism of Fe31 with an iron concentration of
n5331018 cm23. Superimposed in this paramagnetic background
dHvA oscillations of free electrons are visible; see Sec. IV C. The
dotted line shows a fit for the dHvA oscillations at 4.2 K, the only
fit parameters being the Dingle temperature of 7 K and a free-
electron concentration ofnel53.331018 cm23.

FIG. 4. The raw torque of sample B~nominal Fe concentration
nFe'1031018 cm23) for a50.033 ~solid lines! and a50.002
~dashed lines! with a magnetic field oriented along@100# ~a! and
along @1.7 1 0# ~b!.
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cm23. As in Sec. IV A the Fe31 concentration can be de-
duced experimentally from the free-electron concentration
measured using the dHvA effect and an estimated contribu-
tion to the free-electron concentration from Se vacancies of
nvac'0.531018 cm23. The error bars contain the uncertainty
of the total concentration, an uncertainty in the estimation of
Se vacancies, and an error in determiningnel from the dHvA
effect.

We did also check whether the experimentally measured
perpendicular torque depends on the direction of the mag-
netic field as expected in theTd symmetry. To this end,
several samples have been rotated from@100# around the
@001# direction byQ5245°, 230°, 215°, 0°, 15°, 30°,
and 45°. Here the orientation of the torque axis is defined in
a way that a positive perpendicular torque reflects a perpen-
dicular magnetic moment which tends to decrease the above-
defined angleQ.

In theTd symmetry, in the lowest nonvanishing order, the
torque induced by a perpendicular magnetic moment is pro-
portional tod f4 /dQ}sin4Q, which is confirmed experimen-
tally and shown in Fig. 6. As expected, within the experi-
mental uncertainty forQ(65°) the torque is the same for
q515° andq530° and changes sign forq5215° and
q5230°. As already stated above, if the field is applied in
a symmetry direction@100# or @110#, no perpendicular torque
occurs. The sign of the observed torque indicates that the
sample always tends to turn in the direction of the closest
@100# axis where the free energy is minimized already, show-
ing qualitatively that the first anisotropic term in the free
energyF4 is positive as expected by theory.6

The fundamental reasons for the occurrence of a perpen-
dicular magnetization are due to the crystal-field-induced an-
isotropy of the total free energy of a Fe21 donor caused by
an anisotropy in each individual energy level. In particular
the perpendicular moment at low temperature reflects the an-
isotropy in the magnetic field dependence of the ground-state
energy~if only terms up toF4 are considered!. Summing up
all individual anisotropy contributions from each energy
level ~without thermal weighting! yields naturally a total
zero anisotropy. Therefore, the perpendicular torque disap-
pears if the temperature is much higher than the spacing
between individual energy levels.6

Figure 7 shows that indeed the experimentally measured
torque due to a perpendicular magnetization starts disappear-
ing between 5 K and 20 K. In the inset we also show the
theoretically expected temperature dependence of the torque
with a level splitting 6l2/D52 meV which we used as a fit
parameter. We have only taken into account the anisotropy
due to the admixture of the ten energy levels of the5G3 level
as calculated in Ref. 6. For low fields the experimental tem-
perature dependence of the perpendicular magnetization is
well reproduced by this simple model; for higher fields de-
viations occurs. These deviations are to be expected since the
preceding analysis only considered the first nonvanishing
corrections in the free energy. This becomes less justified at
higher magnetic fields where the perpendicular magnetiza-
tion contains considerable contributions of these higher-
orders terms and a more sophisticated analysis has to be
performed. In particular the precise energy-level structure of
the system has to be known for more than two specific di-
rections.

These unknowns make it not possible to extract the level
splitting solely from the magnetic field dependence of the
perpendicular magnetization. Of course it may be possible to
obtain this information experimentally but only with a more
accurate calibration of the direction of the magnetic field and

FIG. 5. The magnetic field dependence of the perpendicular
torque at 4.2 K for four samples with different electron concentra-
tions.

FIG. 6. The angular dependence of the perpendicular torque of
Fe21 along the@001# direction.q indicates the angle between the
magnetic field and the@100# direction for a rotation around the
torque axis. The dotted line represents the expected behavior in a
Td crystal field; the points indicate angles where experiments have
been performed.
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the torque axis with respect to the crystal directions. This
might be done by performing angular dependent torque mag-
netometry.

However, even with very accurate experimental results,
serious complications in the extraction of characteristic val-
ues for the energy level diagram of Fe2 in HgSe arise from
the influence of 15 higher states of the5G5 level. Since the
separationD of 5G5 from

5G3 is orders of magnitude higher
than the level splitting of the individual levels within5G3,
their contribution to the free energy can of course totally be
neglected. However, they have been shown to mix strongly
to the ten levels of5G3 and to modify considerably the mag-
netic field dependence of these ten lowest levels.6 These cor-
rections become important when the magnetic-field-
dependent corrections to the individual energy levels become
comparable to the level splitting which occurs at fields
higher than about 10 T.6

Finally, the strong field dependence of the torque due to a
perpendicular magnetic moment (}B4 for low fields! also
shows unambiguously that the anisotropy in the magnetic
moment is in fact an induced one which only becomes im-
portant in magnetic fields where the Zeeman splitting and the
spin-orbit level splitting are of the same order. It occurs if a
magnetic field induces a magnetic moment~van Vleck para-
magnetism! and the mixing of the magnetic Zeeman term
and the spin-orbit splitting causes a crystal-field-induced an-
isotropy.

C. de Haas–van Alphen oscillations of the conduction band
electrons

Apart from the paramagnetic background the magnetiza-
tion of sample A in Fig. 3 also contains an oscillating con-
tribution due to the dHvA effect of free electrons. Similar
oscillations are also observed in all the other samples. A first
remarkable fact is the experimental accuracy of our method.
In a first approximation, neglecting for a small Fermi-surface
anisotropy, we can deduce the free-electron concentration
from the dHvA period F570 T to be n53.3310218

cm23; the magnetic field dependence of the dHvA ampli-
tudes yields a Dingle temperature of 7 K.

The theoretical fit not only reproduces the period and the
field dependence of the oscillations used for the fit, but in-
dependently also their amplitude. The amplitude is given by
the number of electrons present in the system. Compared to
free electrons it is enhanced by a factor ofm/m* wherem is
the free-electron mass andm*50.064m is the effective mass
of the band electrons; see Eq.~3.5!.

For samples with increasing iron concentration both am-
plitude and period first increase and then saturate in line with
an increasing electron concentration saturating at 4.231018

cm23.
As for the magnetization of Fe21 a perpendicular torque

appears in the dHvA oscillations with the same angular de-
pendence as for Fe21 following the Td symmetry of the
HgSe host lattice. Therefore, this effect is again due to a
crystal-field-induced anisotropy, in the case of band elec-
trons an anisotropy in the dispersion relation leading to a
Fermi-surface anisotropy.

Coincidentally, the perpendicular torque nearly exactly
compensates the parallel contribution for a magnetic field in
the @1.7 21 0# direction anda50.033; see Fig. 2~b!. This
is the case for all the samples investigated. Therefore for this
field direction we haveM''0.033M i for the oscillating
dHvA contribution to the total magnetic moment.

Since the anisotropy follows the symmetry of the host
lattice we can write in line with Eq. 3.1 in the lowest order
P(BW )5P01P4f 4(nW )1••• for the extremal cross section of
the Fermi surface withP4'0.073P0; i.e., we can deduce a
maximal anisotropy in the dHvA period of about 7%. Of
course these statements do not give a precise quantitative
description of the Fermi surface of the system concerned but
clearly explain the results qualitatively.

V. CONCLUSIONS

In conclusion we have performed a systematic study of
the magnetic properties of Fe-doped HgSe. To extract a
small anisotropic contribution we have used a torque magne-
tometer with a high sensitivity to magnetic moments perpen-
dicular to the magnetic field but also the possibility to mea-
sure a small parallel magnetization accurately.

We have shown that the iron donors exist in two valence
states: Fe31 which reveals a perfect isotropic Brillouin para-
magnetism of noninteracting atoms and Fe21 with an
anisotropic-induced van Vleck paramagnetism. A compari-
son of the experimental results concerning the anisotropy of
the magnetization of Fe21 with the theoretical energy-level
diagram has been performed. In particular we could extract

FIG. 7. The magnetic field dependence of the perpendicular
torque of sample B for different temperatures. The inset shows the
temperature dependence of the relative perpendicular torque of at
different magnetic fields; the dashed lines represent the theoretically
expected temperature dependence at 5 T and 20 T for a level split-
ting of 2 meV.
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an energy-level splitting of 2 meV of the five lowest-energy
states; the complexity of the energy-level structure prevents
us from extracting more quantitative parameters with confi-
dence. Due to the very low electron concentration and the
high sensitivity of the torque magnetometer, we were also
able to measure dHvA oscillations of the free electrons
where we could observe a small Fermi-surface anisotropy.
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