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We have studied magnetic interactions in chromium-based diluted magnetic semiconductors by measuring in
detail the electron paramagnetic resonance spectrum of Cr21 over the frequency range between 30 and 210
GHz at high magnetic fields up to 20 T oriented along different crystal axes. At low temperatures, crystals of
chromium-alloyed zinc chalcogenides Zn12xCrx ~S, Se, Te! demonstrate complex properties that are neither of
Brillouin nor of Van Vleck type. The behavior of these Cr21 impurities in semimagnetic materials results from
the interaction of the ground state with the low-lying electronic states of the 3d Cr21 ion and from the
Jahn-Teller-induced distortion of the Cr21 position in the host lattice. We measured optical transitions between
these states and we could determine the magnetic-field dependence and the anisotropy of the electronic levels.
We explain our results with the crystal-field model proposed by Vallinet al.,1 including a cubic crystal field
and Jahn-Teller distortion, and we evaluate the dependence of the model parameters on the semiconductor host
lattice.

I. INTRODUCTION

Diluted magnetic semiconductors~DMS! or semimag-
netic semiconductors are classical semiconductors~such as
CdTe, ZnSe, or InAs!, where a controlled fraction of the
nonmagnetic cations is randomly substituted by magnetic
ions of transition metals or rare earth metals.2–4 The combi-
nation of the physics of semiconductors and magnetism in
these materials has attracted a lot of research, because of the
interaction between the delocalized band electrons and local-
ized electrons of the magnetic ions.5,6 The magnetic proper-
ties of these materials are directly related to the localized
magnetic moments on the substituted ions, and thus depend
on the energy level scheme of the magnetic ion in the non-
magnetic host lattice. These properties of DMS were exten-
sively studied for Mn2 or Fe ~Ref. 7! substitutes, mostly in
II-VI host materials.

Substitutional Mn for example shows typical Brillouin
paramagnetism, since the magnetic moment of the Mn21 ion
in the ground state, a degenerate multiplet, results solely
from the spin (d5; L50, S55/2).8,9

The Fe21 ion has a nonvanishing orbital momentum (d6;

L52, S52),9,10 and therefore a magnetic moment in the
singlet ground state can only be induced by a magnetic field,
which leads to the so called Van Vleck-type paramagnetism.
In this paper, we concentrate on the synthesized class of
Cr-based DMS. The Cr21 ion also has a nonvanishing orbital
momentum (d4; L52, S52).1,9 However, the multiplet
ground state consists of nearby states within an energy range
of 10 cm21, which is different from all other known DMS.
These Cr-based DMS represent an intermediate case between
the Brillouin and Van Vleck type of paramagnetism, since
the excited states of the Cr21 ion are energetically close
enough to contribute to the magnetic properties. Moreover,
the Cr21 ion is strongly influenced by the static Jahn-Teller
effect, which is negligible for the other mentioned substitu-
ents and which leads to a pronounced anisotropy of the Cr21

ion energy level structure. Also the magnetic properties are
strongly anisotropic, as demonstrated by magnetization and
specific heat measurements.11,12

Electron paramagnetic resonance studies to map the
energy-level scheme in detail in high-magnetic fields~0-20
T! were very difficult due to the lack of appropriate measur-
ing techniques with tunable high frequencies sources~30-210
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GHz!. With a millimeter wave-vector network analyzer13

~MVNA ! in combination with a resonant cavity
technique,14,15 it has become possible to conveniently per-
form spectroscopy in the energy range between 1 and
7 cm21, bridging the gap between the conventional electron
paramagnetic resonance~EPR! and far infrared spectroscopy.
The heterodyne detection of the MVNA also facilitates the
simultaneous measurement of the amplitude and phase of the
complex signal, which are directly related to the absorption
and dispersion of the electron paramagnetic resonances, see
also Refs. 16 and 17. In this paper, we will start by discuss-
ing the experimental circumstances of the measurements in
Sec. II. Section III will show the obtained experimental re-
sults for Zn12xCrxTe, Zn12xCrxSe, and Zn12xCrxS. The the-
oretical description of the data, a crystal-field model, will be
presented in Sec. IV. In Sec. V, we will discuss the experi-
mental results for Zn12xCrxTe, Zn12xCrxSe, and Zn12xCrxS
in magnetic fields up to 20 T in the context of the model, and
the last section will contain a summary with the main con-
clusions.

II. EXPERIMENTAL SETUP

A. Samples

The experiments were performed on samples obtained
from bulk crystals of Zn12xCrxTe, Zn12xCrxSe, and
Zn12xCrxS grown by the modified high pressure Bridgman
technique,18 using high-purity ZnTe, ZnSe, or ZnS and pure
metallic chromium. Instead of metallic chromium a high pu-
rity CrSe was used for some of the Zn12xCrxSe samples.
The chromium concentration of the obtained single phase
monocrystals was rather low, for Zn12xCrxSe and
Zn12xCrxS x,0.007 andx,0.001 for Zn12xCrxTe. The
chromium concentration was determined using atomic ab-
sorption, electron microprobe, and wet chemical analysis.
Also, low-temperature magnetization measurements pro-
vided an accurate relative concentration value.11 Standard
x-ray backscattering analysis provided the information about
the crystalline structure of the samples and was used to orient
the samples. The largest monocrystalline pieces, cut from the
Zn12xCrxS ingots and used in our experiments, were a few
millimeter in size. The samples originated from two different
ingots with chromium compositions ofx50.006 and x
50.004. The x-ray investigations showed that this material
was neither pure cubic~zinc-blende structure! nor pure hex-
agonal~wurzite structure! but polytypical~mixed!. The crys-
talline structure of the Zn12xCrxSe crystals appeared to be
zinc blende, but with very small grains misoriented relative
to each other by about 2-3 degrees. The Zn12xCrxSe samples
we measured come from different ingots with chromium
concentrations in the range 0.001,x,0.004. The two dif-
ferent Zn12xCrxTe samples that we studied have a pure cubic
crystalline structure and contain chromium in a concentration
less than 0.001.

B. Measuring technique

Electron paramagnetic resonances of the Cr21 ions in our
samples were measured using a millimeter wave vector net-
work analyzer13 ~MVNA ! which is attached to an oversized
resonant cavity. The MVNA is an instrument generating and

measuring the amplitude and the phase of a millimeter wave
signal between 30 and 210 GHz using a solid-state-based
vector analyzer with heterodyne detection. The continuously
variable YIG frequency between 8 and 18 GHz is guided to
frequency multiplying Schottky diodes via coaxial cables al-
lowing a large flexibility of the system, see Fig. 1.

The millimeter wave radiation coming from the harmonic
generator~HG! is quasi-optically guided with oversized cy-
lindrical wave guide~OW! ~light pipe! to the magnetic field
center, where the wave guide is coupled to an oversized reso-
nant cavity~C!. With a mylar beamsplitter~B! part of the
reflected radiation is coupled to the harmonic mixer~HM! in
the horizontal part of the waveguide. With an oversized cy-
lindrical copper cavity (l 520 mm, d512.5 mm) and with
the advantage of a continuously tunable radiation source, we
can study the resonances at one of the many resonant cavity
modes over a wide range of frequencies and stabilize this
frequency with an external frequency counter.

This tunability is important for studying EPR with zero
field split levels or with a strong nonlinear magnetic-field
dependence of line positions. In these cases, like for the Cr21

ion in our samples, a measurement at a single frequency is
not conclusive. The vector detection of the MVNA is par-
ticularly useful in more accurately determining the resonance
line shape and more successful in discriminating between
two closely lying resonances than scalar detection. We used
direct detection of the millimeter wave signal, in contrast to
most EPR spectrometers, which use magnetic field modula-
tion to enhance the sensitivity.

The observed ‘‘vector’’ signal consists of a resonant part,
and a nonresonant background~complex ‘‘leak signal’’!
which is not influenced by the sample. Fitting an observed
resonance with a circle in polar coordinates~with r the am-
plitude andf the phase of the signal!, assuming a Lorentzian
line shape, we find the value of this complex ‘‘leak signal,’’
which can be subsequently subtracted from the measured
signal.17 If the cavity is tuned to resonance and the wave-

FIG. 1. Schematic overview of the setup used for millimeter
wave spectroscopy. On the left-hand side the sources~S!, S1 and
S2, together with the receiver~R! form the MVNA. The micro-
waves are coaxially transmitted to the Schottky diodes harmonic
generator@~HG! and harmonic mixer~HM!# connected to the over-
sized wave-guide system~OW!. The cavity ~C! containing the
sample is placed at the end of the wave guides in the center of the
magnet~M!.
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guide system is not in resonance at the same frequency, the
measured response will be the signal from the sample times
a complex multiplication factor. After correcting the ampli-
tude and phase signal, assuming the leak signal and complex
scaling factor are constant over the whole measurement, we
obtain two signals corresponding to the absorption respec-
tively dispersion of the sample.

The complex signal also provides information about the
sign of the energy versus magnetic field slope, it allows to
distinguish between transitions whose energy increases or
decreases with magnetic field. This is a consequence of the
opposite sign of phase change rate in both cases. Therefore,
the vector signal follows the resonance in the polar plane
clockwise or counterclockwise with increasing magnetic
field depending on the sign of the energy slope.

C. Experimental conditions

In all our measurements, the sample was mounted on the
bottom of the resonant cavity placed in the center of the
static magnetic field. Resonances in the reflected millimeter
wave signal were measured at constant frequency~energy! as
function of magnetic field. The magnetic field was supplied
by either a superconducting coil~B<18.5 T! or a Bitter mag-
net ~B<20 T!. The samples were oriented such that the mag-
netic field was applied along either the^100&, ^110&, or ^111&
crystallographic axis of the sample,19 see Fig. 2.

All presented measurements were done atT'1.2 K, in
which case only the lowest energy level of Cr21 is populated
(kBT'1 cm21). The behavior of the Cr21 ion energy level
pattern in a magnetic field strongly depends on the angle
between the field direction and the Jahn-Teller distortion
axis. In a cubic crystal there are generally three equivalent
^100& directions, @100#, @010# and @001#, leading to three
types of tetragonally distorted Cr centers, namedA, B, andC
in Fig. 2. In the absence of a magnetic field the three types of
centers are indistinguishable, which is also the case for the

magnetic field along thê111& crystal axis, since the angle
between the Jahn-Teller distortion axes and field direction is
54.7° for all three centers. For all the other magnetic field
directions the three types of centers are inequivalent. In par-
ticular for Bi^100& the A center is distorted parallel to the
field direction, the ‘‘0°’’ configuration, and centersB andC
are distorted perpendicular to the field, representing the
‘‘90°’’ configuration. For the magnetic fieldBi^110&, two
centers are in the ‘‘45°’’ configuration~A and B!, and one
center is distorted perpendicular to the field (C).

III. RESULTS

A. Zn1ÀxCr xTe

An example of an electron paramagnetic resonance mea-
surement of Zn12xCrxTe, where the magnetic field was ori-
ented along thê110& direction, is depicted in Fig. 3, which
shows the amplitude and phase of the complex reflected sig-
nal as a function of the applied field.

Several resonances can clearly be observed in both ampli-
tuder and phasef although their shape is not typical absorp-
tion respectively dispersion like. After the vectorial analysis
of the signals, as described before,17 we can plot the ampli-
tude and phase again as a function of the magnetic field. We
get two signals representing the absorption and dispersion of
the electron paramagnetic resonances, see Fig. 4.

Figure 5 shows several absorption spectra taken at differ-
ent increasing~bottom to top! frequencies for the field along
the ^110& direction. The experimental traces show the pres-
ence of three different types of inequivalent Cr21 centers.
The first as well as the third resonance in every measurement
is a single resonance originating from a ‘‘90°’’ configuration
center, whereas the second and fourth resonance are always
split in two resonances. Two types of Cr21 centers distorted
at an angle of 45° and a small misorientation of the sample
~below 5°! with respect to the magnetic field, leads to this
splitting. EPR measurements at several different frequencies
for the field along thê100& direction are displayed in Fig. 6.

In this case, resonances can be observed from two ‘‘90°’’
configurations and one ‘‘0°’’ configuration Cr21 center. One
can see that the background signal is not constant. The sub-

FIG. 2. The three different types of Cr centers depending on the
direction of the magnetic field with respect to the Jahn-Teller dis-
tortion axis. Thick lines represent the Jahn-Teller distortion axis and
dashed lines indicate the magnetic field direction.

FIG. 3. Measured complex EPR signal~amplitude and phase! at
f 5137.875 GHz,T51.2 K and forBi^110& ~Ref. 20!.
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tracted ‘‘leak’’ signal was determined at low-magnetic field,
whereas with increasing magnetic field the zero-field-tuned
cavity is drifting out of resonance. Since we measure at fixed
frequency this causes the absorption signal to increase and
also changes the dispersion signal. This cavity drift may be
caused by the use of a somewhat large sample, together with
the changing magnetic susceptibility of the sample with in-
creasing magnetic field.

B. Zn1ÀxCr xSe

Figure 7 shows EPR spectra of a Cr21 ion in ZnSe for
several different frequencies, with the magnetic field along
the ^100& direction. The resonances can clearly be followed
as function of frequency~energy! in both absorption and dis-
persion. At high frequencies, some new resonances appear at
low-magnetic fields. These low-field transitions have oppo-
site energy versus magnetic field slopes, which can be de-
duced from the dispersion curves, where they are each others
mirror images~Fig. 8!. Moreover, we can derive from this
that the two resonances in the 167 GHz measurement corre-
spond to transitions between the same levels. Absorption

traces alone cannot give indications for this. The very small
resonances that are observed at low magnetic fields and fre-
quencies below 160 GHz, originate from transitions between
excited levels, which can give an explanation for their small
relative intensities.

C. Zn1ÀxCr xS

The measurements on Zn12xCrxS were performed with
the magnetic field parallel to thê110& direction. Figure 9
displays the transformed measurements. The data on
Zn12xCrxS are taken with free running~not stabilized! YIG
oscillators, in contrast to the other externally frequency
locked measurements. This results in some noise added to
the shown Zn12xCrxS measurements compared to the previ-
ous ones on Zn12xCrxSe and Zn12xCrxTe. At every fre-
quency we observe next to a strong resonance a small satel-

FIG. 4. Transformed EPR signals of Fig. 3 after subtraction of a
‘‘leak signal’’ and a complex normalization.

FIG. 5. EPR absorption measurements of Zn12xCrxTe mea-
sured withBi^110&, T51.2 K and at indicated frequencies. All
spectra are normalized and have offsets for clarity.

FIG. 6. EPR absorption spectra for different frequencies, mea-
sured on Zn12xCrxTe at T51.2 K and withBi^100&. All spectra
are scaled and have offsets for clarity.

FIG. 7. EPR absorption spectra taken at different frequencies on
Zn12xCrxSe atT51.2 K and withBi^100&. All spectra are scaled
and have offsets for clarity.

PRB 61 5361HIGH-MAGNETIC-FIELD EPR OF Cr-BASED DILUTED . . .



lite resonance at slightly lower magnetic fields. Other
experiments and orientations of the crystal, see Ref. 21,
show that all observed lines appear in such pairs, except
those whose intensity is too weak. A slight misorientation
can split a resonance into two resonances if it is originating
from two distinct Cr21 centers. This is not the case in our
Zn12xCrxS measurements, because the resonance at high-
magnetic fields originates from a single center in the ‘‘90°’’
configuration. Comparing different orientations of the mag-
netic field with respect to the Jahn-Teller distortion axis also
excludes the possibility of misoriented grains in the samples.
The most probable reason for the satellite resonances is the
polytypism of the Zn12xCrxS crystals, which gives different
types of centers due to different hexagonal stresses. This is
confirmed by infrared measurements on polytypical
Zn12xCrxS.1

IV. THEORETICAL DESCRIPTION

A. The energy levels of a Cr2¿ ion

A neutral chromium atom has twenty-four electrons in the
1s2 2s2 2p6 3s2 3p6 3d5 4s1 configuration. When incor-

porated into a crystal lattice of a II-VI compound it will
occupy a cation site, and two of its outer shell electrons will
delocalize and contribute to the valence and conduction
bands. The Cr21 ion remains as a deep impurity in the semi-
conductor. To describe the state of the 3d shell, we shall
follow the model description of a Cr21 ion in a tetrahedral
crystal field, proposed by Vallinet al.1 The ground term is
5D, with a total orbital momentumL52 and total spinS
52, thus it has a 25-fold degeneracy. In a crystal field of
cubic ~tetrahedralTd) symmetry it splits into a fifteen-fold
degenerate orbital triplet5T2 and a tenfold degenerate orbital
doublet 5E, see Fig. 10. The splitting between the ground
5T2 term and5E term is of the order of 5000 cm21 . For the
Cr21 ion the ground term is the orbital triplet5T2, in contrast
to the situation for the Fe21 ion, where the order of the5T2
and 5E levels is reversed.22–25The Fe21 ion ground state, the
spin-orbit split 5E term, is rather insensitive to the Jahn-
Teller effect1 in contrast to the 5T2 state @EJT(

5T2)
@EJT(

5E)# and therefore the magnetic properties of Fe21

ions, which result from this5E orbital doublet, can be de-
scribed neglecting the Jahn-Teller effect.10,26 For the Cr21

ion however, the orbitally degenerate5T2 ground term un-
dergoes a static, tetragonal Jahn-Teller distortion, which low-
ers the local symmetry and lifts the degeneracy of the ground
level. This distortion is equivalent to a stress along one of the
@100# crystal axes and leads to a further splitting of the
ground term5T2 into a fivefold degenerate5B2 orbital sin-
glet and the5E orbital doublet~located about 1000 cm21

higher!. The spin-orbit coupling results in subsequent level
splittings. The5B2 term breaks up into a semidoublet~two
nearby statesG1 andG2), a doubletG5 and a singletG4 . The
schematic diagram of the obtained energy levels for a Cr21

ion in ZnSe, ZnS, or ZnTe is displayed in Fig. 10. It is
equivalent to the schemes used in Refs. 1 and 24.

For ZnSe and ZnS the semidoublet is the ground state
followed by the doublet and the singlet. For ZnTe the order
is reversed; the singlet is the ground state, while the semi-
doublet is the highest in the series, see also Fig. 10. This
inversion is caused by a strong covalency effect in ZnTe.27

Because the spin-orbit interaction is rather weak compared to
the Jahn-Teller distortion, the five lowest energy levels origi-
nating from the5B2 term, which are well separated from the
higher energy levels, are split only by about 10 cm21 . These
five levels are mainly responsible for the magnetic and far-
infrared properties, even at temperatures much higher than
room temperature.

For a quantitative description of the electronic structure of
the Cr21 ion we use the following spin Hamiltonian:11

H5Hcf1HJT1Hso, ~1!

with each successive term on the right-hand side represent-
ing a progressively weaker interaction. In Eq.~1! the tetra-
hedral~cubic! crystal field term is described by

Hcf5B4~O4
015O4

4!, ~2!

according to Ref. 9, where the parameterB4 is defined by the
crystal-field splittingD following

D52120B4 . ~3!

FIG. 8. EPR dispersion spectra corresponding to Fig. 7.

FIG. 9. Multifrequency EPR absorption spectra measured on
Zn12xCrxS for Bi^110&, T51.2 K. All spectra are scaled and have
offsets for clarity.
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For further analysis, after selecting the spin orbit and Jahn-
Teller parameters,D was slightly adjusted to obtain an en-
ergy difference between the lowest level of the5B1 quintet
and the ground state exactly matching the observed near in-
frared transition,1 denoted as the zero phonon line.HJT rep-
resents the tetragonal static Jahn-Teller distortion

HJT5B4
0~5O2

01O4
0!, ~4!

where the parameterB4
0 is related to the Jahn-Teller energy

EJT(
5T2) of the 5T2 term by

EJT~
5T2!5235B4

0 ~5!

assuming that the Jahn-Teller splitting between the5B2 and
5E levels is 3EJT(

5T2). We neglected theEJT(
5E) term,

since the energy splitting of the5E term, as reported by
Vallin et al.,1 is rather small and does not influence the en-
ergy levels of the5B2 quintet. The spin-orbit coupling term
is given by

Hso5lL•S, ~6!

where, instead of using one free ion spin-orbit coupling
parameter,24 we used three different parameters. This reflects
the fact that the strength of the spin-orbit coupling may de-
pend on admixture between the Cr 3d wave functions and
the ligand wave functions, which is different for the5E and
5T2 states.28 Therefore, three different parameterslTT , lTE ,
andlEE are defined:

^cTuHsoucT&5lTT^cTuL•SucT&,

^cTuHsoucE&5lTE^cTuL•SucE&, ~7!

^cEuHsoucE&5lEÊ cEuL•SucE&

where cE and cT are the wave functions of5E and 5T2
subspaces respectively.29 In contrast to Vallinet al.,1 we do
not construct a simplyfied effective Hamiltonian, but solve
the full Hamiltonian numerically. The set of values forl,
which we used for matching to the low-energy levels of the
5B2 term is not unique. For ZnS and ZnSe it is also possible
to obtain a good description of the energy levels with one
spin-orbit coupling parameter, if the Jahn-Teller energy is
adopted from Vallinet al.1 For a Jahn-Teller energy of about
EJT(

5T2)5300 cm21 ~Refs. 31 and 32! three differentl’s
must be used to obtain a good match between experimental
data and our description. HoweverlEE has a weak influence
on the 5B2 levels, and therefore we can use a free ion value.
The spin-spin interaction is neglected, because it is two or-
ders of magnitude smaller than the spin-orbit interaction. The
wave functionsuc& are chosen as products of an orbital wave
function uml&, and a spin wave functionums&: uc&
5uml&ums&.

1,11,30 For diagonalizingHcf and HJT we used a
set of five orbital wave functionsuml& as summarized in
Table I. These orbital wave functions have energy eigenval-
ues as listed in the same table, expressed in terms of the
crystal field and Jahn-Teller parametersB4 andB4

0, and can
be compared with Fig. 10. Together with the spin wave func-

FIG. 10. Splitting of the5D state of a Cr21 ion in the absence of a magnetic field. The energy level scheme is calculated with a crystal
field in D2d symmetry, a tetragonal Jahn-Teller distortion and second order spin-orbit interaction~following Ref. 1!.
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tions ums& they form the basis, which was used to calculate
the matrix elements of the spin-orbit coupling termHso and
the Zeeman termHB described in the next section.

B. EPR transitions in a magnetic field

A magnetic field lifts the degeneracy of the remaining
doublets and adds some interaction between the levels. The
effect of an external magnetic field is described by the Zee-
man term

HB5mB~L12S!B, ~8!

where mB is the Bohr magneton andB the magnetic-field
vector. The energy levels as a function of the magnetic field
are then calculated by numerical diagonalization of the total
25325 spin Hamiltonian matrix. This matrix is parameter-
ized by, B4 , B4

0, lTT , lTE , and lEE, as described in the
previous section.29 The parameters were evaluated fitting the
calculated energies to the experimental data.

At millimeter wave energies there are several allowed op-
tical transitions between the various spin-orbit-split levels
within the 5B2 state. For polarization of the millimeter wave
magnetic field perpendicular to the static magnetic field,
which was used in our experiment, electron paramagnetic
resonance is observed for magnetic dipole transitions,Dms
561.1,27 Neglecting any ligand admixture affecting the
Cr21 orbital momentum (ml) and spin (ms) quantum num-
bers, and assuming a constant equally distributed Cr21 cen-
ter population,11 one can also calculate relative transition in-
tensities according to

I rel5u^c fuSx ,Syuc i&u2 ~9!

wherec f andc i are the wave functions of the final and initial
Cr21 states, respectively.

When a magnetic field is applied along the^100& direc-
tion, parallel to a Jahn-Teller distortion axis, the five lowest-
lying energy levels, the semidoublet (G1 , G2) (ms562),
the doubletG5 (ms561) and the singletG4 (ms50), start
interacting with their correspondingms energy levels from
the 5B1 state, but not with each other,27 in which case the
spin quantum numberms is conserved. For the ‘‘0°’’ con-
figuration center this means that there are allowed transitions
between the (G1 , G2) and G5 and between theG5 and G4
levels, see also Fig. 11. The interaction affects the effectiveg
value, which depends on the spin-orbit mixing of the5B1
wave functions into the5B2 ground state.28 The linear de-
pendence can be seen in the calculated energy levels in Fig.
11 for the ‘‘0°’’ configuration. When there is a nonzero angle

between the magnetic-field direction and the Jahn-Teller dis-
tortion axis, the (G1 , G2), G5 andG4 levels start interacting
with each other and with other higher-lying energy levels. In
this case the spin quantum numberms of the energy levels is
not conserved anymore, and as a result, the magnetic field
dependence shows a very non-linear behavior, see Figs. 12
and 13. For these configurations~‘‘45°,’’ ‘‘54.7°’’ and
‘‘90°’’ ! the wave functions of the corresponding energy lev-
els are composed of differentums& contributions as function
of the magnetic field, in which case different transitions are
allowed. An estimation of the expected relative intensities of
the resonances can be calculated by Eq.~9!.

V. DISCUSSION

In this section, we will analyze the magnetic-field posi-
tions of the resonances we observed, and compare them with
the described theoretical predictions. The positions of the
absorption lines are determined and plotted in an energy ver-
sus magnetic-field diagram for different magnetic-field ori-
entations. In all these diagrams the lines~solid and dashed!
represent the energy levels, relative to the ground level en-
ergy, which are the results of the crystal-field calculations for
the Cr21 center in different configurations. The dotted lines
give the energy differences between higher-lying energy lev-
els. Finally, we will summarize the parameters used to match
our model description of the low-energy levels with the ob-

TABLE I. Energy levels from Fig. 10 with their corresponding orbital wave functionsuml&. These wave
functions are used to diagonalizeHcf andHJT. The resulting energy eigenvalues are expressed in terms of the
parametersB4 andB4

0 ~Ref. 9!.

Crystal field Jahn-Teller uml& E

5E 5A1 u0& 72 B4 1 42 B4
0

ucE& 5B1 (u2&1u22&)/A2 72 B4 1 42 B4
0

5T2
5E u1& 248 B4 2 63 B4

0

ucT& 5E u21& 248 B4 2 63 B4
0

5B2 (u2&2u22&)/A2 248 B4 1 42 B4
0

FIG. 11. Calculated energy levels of Zn12xCrxTe as function of
the magnetic fieldB, which is parallel to the Jahn-Teller distortion
axis~‘‘0°’’ configuration!. The thick solid line represents the chang-
ing ground state of the Cr21 ion, while the other lines are excited
states. All energy levels are labeled by their corresponding quantum
numberms. The dashed lines indicate the allowed magnetic dipole
transitions,Dms561.
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served experimental data, and compare these to other used
descriptions.1,24

A. Zn1ÀxCr xTe

In Fig. 12, the positions of the observed absorption lines
at T'1.2 K are plotted in an energy versus magnetic-field
diagram. The parameters used in the model calculation are:
B45241.18 cm21, B4

0529.14 cm21, lTT5251.0 cm21,
lTE5130.0 cm21, andlEE5157.0 cm21 .

The ground state at zero-magnetic field is thems50 level
(G4, see also Figs. 10 and 11!. Thems561 levels (G5) are
2.3 cm21 higher in energy. Note that in the case of
Zn12xCrxTe the order of the five low-lying energy levels is
reversed as compared to Zn12xCrxSe and Zn12xCrxS.

As function of the magnetic field, the ground state for the
configuration in which the magnetic field is parallel to the
Jahn-Teller distortion axis, see Fig. 11, changes atB

52.5 T from the singlet statems50 to ams521 level, and
at B57.8 T from thems521 to thems522 state. These
changes of the ground state result in a steplike change of the
ground level spin, and give rise to steps in the magnetic-field
dependence of the magnetization.11 At low-magnetic fields
and for the ‘‘0°’’ configuration we clearly see theDms5
61 transitions, whileDms562 transitions are not ob-
served. At intermediate magnetic fields, 2.5 T,B,7.8 T,
the transitions between the ground level (ms521) and the
first and second excited states (ms50 andms522) are ob-
servable, although weaker. At high-magnetic fields no tran-
sitions are observed between the ground state (ms522) and
the second excited state (ms50), which is in agreement with
theory ~the energy level around 8 T between 4.5 cm21 and
6 cm21). The transition to the first excited state is observed
but only very weak, in contrast to the calculated relative
intensity, which should be the same as for the low field first
excited state transition. This can give an indication for a
redistribution of the Cr21 center population in magnetic
fields, as was also suggested from magnetization
measurements,11 and results in less ‘‘0°’’ centers at high-
magnetic fields. Transitions from the ground state to the ex-
cited states from theG5 doublet (ms561) for the two
‘‘90°’’ configuration centers are clearly observed.

A few observed absorption lines may correspond to tran-
sitions between excited states, which are calculated and
shown in Fig. 12 as the dotted lines corresponding to transi-
tions between the split levels of theG5 doublet for the two
different configurations. The increasing number of these
lines with increasing temperature,29 confirms that these tran-
sitions originate from excited states. Figure 13 shows the
observed resonance line positions in a magnetic field along
the ^110& direction. The transitions from the ground state
singlet to theG5 doublet are clearly seen for the two different
configurations. As discussed before the double resonances
originate from a slight misorientation of the crystal, which
can also be seen in Fig. 13 by double points on one level for
the same frequency. We note that, in contrast to our experi-
mental technique, a single frequency EPR measurement can-
not be decisive for the exact energy level structure due to the
nonlinear magnetic-field dependency of the energy levels
and the large zero-field splitting of 2.3 cm21 ~69 GHz!.

B. Zn1ÀxCr xSe

The resonance positions from Fig. 7 were determined and
are shown in Fig. 14 together with the energy levels from the
model calculations. The used calculation parameters are:
B45241.33 cm21, B4

0529.71 cm21, lTT5133.5 cm21,
lTE5165.0 cm21, andlEE5157.0 cm21 . Note that now
the (G1 , G2) semidoublet (ms562) is the ground state, and
the first excited state is theG4 doublet (ms561).

In Fig. 14 one can notice that for the ‘‘0°’’ configuration
we do not observe any resonance corresponding with the
transition between the ground state and the first excited state,
which is in agreement withDms564 forbidden transitions
and no interaction between the five low-lying states induced
by the magnetic field. For the ‘‘90°’’ configuration centers
on the contrary we can observe these transitions with in-
creasing field since there is considerable interaction between
the differentms states, not conserving thems quantum num-

FIG. 12. Transition energies of Zn12xCrxTe derived from EPR
positions for several different energies~frequencies! as function of
the magnetic fieldB parallel to thê 100& direction. The dashed and
solid lines are the calculated energies of transitions from the ground
state, see also Fig. 11, while the dotted lines represent transitions
between excited states. The solid lines correspond to transition en-
ergies for the magnetic field parallel to the Jahn-Teller distortion
axis, the ‘‘0°’’ configuration, and the dashed lines to the ‘‘90°’’
configuration.

FIG. 13. Cr21 transition energy versus magnetic field for
Bi^110& axis giving rise to two orientationally different Cr centers
~‘‘45°’’ and ‘‘90°’’ configuration!. Data taken on two different
samples are represented bys andh, whereas the lines are results
of the crystal-field calculation of the energy levels.
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ber. At higher energies several additional resonances are ob-
served, see Figs. 7 and 14. These resonances, observed at
167 GHz for example, are transitions between the first ex-
cited state@one of the (G1 , G2) levels# and the lowest state
from the G4 doublet. The opposite dispersion curves reflect
the slope of the energy versus magnetic-field dependence as
can be seen in Fig. 14. When the frequency is slightly in-
creased to 179 GHz the former two resonances move further
apart, and the resonance at higher field loses intensity due to
a lower population of the initial excited state in higher fields
~larger splitting between the ground state and the first excited
level!. In between those two resonances two new ones ap-
pear, being transitions from the ground state. The other
points correspond to weaker resonances and are transitions
between the higher lying excited states of theG4 doublet, as
can be seen in Fig. 14.

For the magnetic field along thê111& direction, see Fig.
15, where all the Cr21 centers are in the ‘‘54.7°’’ configu-
ration, the interaction between the levels of the5B2 state is
weaker than in the ‘‘90°’’ configuration and therefore tran-
sitions from the ground state to the first excited state are
hardly observed. The resonances that are observed, are be-
tween excited states.

C. Zn1ÀxCr xS

The absorption lines from the EPR experiments on
Zn12xCrxS with the magnetic field along thê110& direction
are displayed in Fig. 16. The energy level configuration is
approximately the same as for Zn12xCrxSe, except the pa-
rameters for the calculation are now:B45243.47 cm21,
B4

0528.75 cm21, lTT519.1 cm21, lTE5150.0 cm21,
and lEE5157.0 cm21 . Again the resonances from transi-
tions between ground and excited state are much clearer in
the ‘‘90°’’ configuration than in the ‘‘45°’’ configuration due
to a stronger interaction between the low-energy levels if the
Jahn-Teller distortion axis is perpendicular to the applied
magnetic field. The doubling of the high-field resonances can
be ascribed to different hexagonal stresses as explained ear-
lier.

D. Comparison

The parameter values of the full Hamiltonian we obtained
from numerically fitting the energy levels of the5B2 quintet
to the experimentally observed resonances for the different
host materials we studied, are summarized in Table II.

We observe that a good description of the five lowest
energy levels can be obtained with a different set of spin-
orbit and Jahn-Teller parameters compared with earlier re-
sults. For the Jahn-Teller energies three differentl param-
eters are necessary, in agreement with Vallinet al.27 In
Vallins case the Jahn-Teller energy is larger, the Cr21 dis-
placement in the host lattice will be larger, and to obtain the
same energy level scheme the spin-orbit interaction param-
eters must increase as well to account for the smaller overlap
between the Cr21 3d wave functions and the ligand wave

FIG. 14. Energy versus magnetic field diagram displaying the
transition energy from the EPR measurements on Zn12xCrxSe as
function of the magnetic fieldBi^100&. For the two different con-
figurations the calculated energy levels are shown as solid, respec-
tively dashed lines. The dotted lines represent transitions between
excited states.

FIG. 15. Magnetic-field dependence of the calculated energy
levels of Zn12xCrxSe ~solid lines! for the field along thê111& di-
rection. The dotted lines correspond to transitions between higher
lying energy levels. The open circles represent the EPR data points
from several different frequency measurements.

FIG. 16. The experimentally observed absorption line positions
for Zn12xCrxS in the energy versus magnetic-field diagram for the
magnetic field parallel to thê110& axis. Dashed and solid lines are
the calculated energy levels, dotted lines are transition energies be-
tween excited states and the squares are the EPR data points.~Open
circles are FIR laser measurements from Ref. 33.!
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functions. Compared to Vallinet al.,1,27 who used an effec-
tive Hamiltonian description, we used larger crystal-field pa-
rameters and smaller Jahn-Teller distortion energies, which
are closer to the experimental values found in Refs. 32 and
31. Similar to Vallinet al.27 we used three spin-orbit param-
eters to account for the different admixture of5T2 and 5E
states with the ligand fields.28 Since the Jahn-Teller energies
of Vallin et al.are larger, their spin-orbit parameters are also
larger for ZnS and ZnTe in order to obtain an equal zero-
field splitting valueD. For ZnSe Vallinet al. need an unre-
alistic negative spin orbit coupling parameterlTT , which is
not consistent with the Jahn-Teller energies and the energy
level scheme for Cr21 in ZnS with respect to ZnSe.

Comparing our data with earlier results of Colignon
et al.,24 we used slightly higher crystal field parameters, but
neglected the spin-spin interaction term in the Hamiltonian
and diversified the spin-orbit parameter, where Colignon
used a too general approach, using the free ion spin-orbit
parameter value. They also find a large difference in the
Jahn-Teller energy values over the three compounds, while
we used approximately the same values for all three host
lattices.

VI. CONCLUSION

To conclude, our high magnetic field EPR technique is a
very effective tool to study the complex behavior of Cr21

energy levels in ZnTe, ZnSe, and ZnS host lattices. With the
unique combination of tunable frequency and simultaneous
absorption and dispersion measurements, we can follow the
magnetic-field dependence of the lowest lying energy levels

over a broad range of frequencies and magnetic fields, and
thus measure more points at lower energies. These electronic
states, which are directly responsible for the macroscopic
magnetization can be well described by a crystal-field model
incorporating a Jahn-Teller distortion and a complete spin-
orbit coupling description. We provided a detailed analysis
of the symmetry and magnetic-field dependence of low-lying
Cr21 levels and we discussed various theoretical models
used for their description. We determined the spin Hamil-
tonian parameters for all compounds we studied. The param-
eter set, which we found by numerically solving the full spin
Hamiltonian differs from Vallinet al., who use an effective
Hamiltonian ~fenomenological description! in the smaller
values of Jahn-Teller energy and spin-orbit coupling param-
eters. Compared to Colignonet al. we used a more realistic
model with three different values for spin-orbit parameters,
and obtained a more uniform value for the Jahn-Teller en-
ergy for the three host lattices. The observed increase of the
spin-orbit parameter with anion atomic mass corresponds to
the increasing overlap with the ligand wave functions and the
increasing ion radius of the ligand ions.
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