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The effect of Cr ions of different valences~Cr21, Cr31, and Cr41! on the magnetic anisotropy and ferro-
magnetic resonance~FMR! linewidth in ferromagnetic semiconductors, with specific application to the chro-
mium chalcogenide spinels CdCr2Se4 and HgCr2Se4 ~‘‘as grown and Ag doped’’!, is studied theoretically and
experimentally. We generalize various previous calculations and show that the line shape of the FMR depends
on the conductivity, the frequency, and the sample dimension. Crystal-field theory is used to calculate the Cr
ions low-lying energy levels and their effect on the magnetic anisotropy and FMR relaxation. In particular, we
find that the orbital ground state of the Cr21 ion is a doublet and causes a symmetry breaking of the anisotropy
from cubic, at high temperatures, to noncubic at low temperatures. We report FMR data of single crystals of
CdCr2Se4 with 0.1 mole % Ag doped, where this effect is seen. Moreover, several relaxation mechanisms are
identified which allow the estimates of exchange fields and microscopic relaxation times of Cr ions in these
crystals.@S0163-1829~96!06542-3#

I. INTRODUCTION

The effect of Cr ions of different valences, Cr21, Cr31,
and Cr41, on the magnetic anisotropy and ferromagnetic
resonance~FMR! linewidth of chromium chalcogenide
spinels has been intensively investigated after the discovery1

of magnetism in these compounds. In particular, CdCr2Se4
and HgCr2Se4 exhibit ferromagnetism with high magnetiza-
tion and relatively high Curie temperatures~TC5130–142 K
for CdCr2Se4 and 106–120 K for HgCr2Se4! and if stoichio-
metrically perfect are electrical insulators. The anisotropy
caused by the Cr31 host ions is found2 to be extremely small
and the resonance line very narrow. In addition, however,
CdCr2Se4 and HgCr2Se4 also exhibit semiconducting
behavior3 due to a lack of stoichiometry~as grown!, thermal
treatment or intentional doping, and may achieve quite large
conductivities. The combination of semiconducting and mag-
netic properties has been the most attractive feature of these
chromium chalcogenide compounds.4 The wide range of
nonstoichiometry leads to a strong composition influence on
the physical properties.5 In particular, it causes the appear-
ance of impurity magnetic ions6 which manifest in anoma-
lous peaks of the resonance field and of the FMR linewidth
along some particular crystallographic directions.

Several studies have been made to identify the impurity
magnetic ions responsible for the above-mentioned anoma-
lies. It was suggested by Berger and Pinch7 that Cr21 ions
could be formed to charge compensate for Se22 vacancies
and qualitatively explain the variation of anisotropy from
sample to sample. However, it has also been suggested8 that
accidental Fe21 impurities are responsible for the anisotropy
anomalies, after identification9 of similar effects in CdCr2Se4
doped with Fe. On the other hand, in Ag-doped CdCr2Se4
~Ag1 substituting for Cd21!, a change in sign of the first
anisotropy constantK1 ~from positive to negative! was

verified10 and attributed to the formation of Cr41 ions, which
could equally be created to charge compensate for Cd vacan-
cies. Further investigations11 showed that vacuum annealing
of Ag-doped CdCr2Se4 altered the sign ofK1 ~now from
negative to positive!. This change was ascribed to the forma-
tion of Cr21 ions,11 which occurred as Se vacancies appeared
in the crystal, whereas subsequent annealing in Se atmo-
sphere reversed the anisotropy sign as the vacancies filled up,
though the value ofK1 ~,0! was much less in magnitude
than the initial one. The presence of Cr41 ions has also been
suggested as responsible for the low-temperature peaks of
the FMR linewidth of Ag-doped CdCr2Se4 ~Refs. 10 and 12!
and of ‘‘as grown’’ HgCr2Se4,

13,14as well as to explain13–16

the negative anisotropy of HgCr2Se4. It should be mentioned
that variations in sign occur17 depending on the degree of
deviation from stoichiometry.

In this paper we present a detailed investigation of the
effects of impurity doping and temperature (T) on the FMR
line shape, linewidth, and anisotropy on the compounds
Cd12xAgxCr2Se4 and Hg12xAgxCr2Se4.

In the experiments we have used single crystals grown by
the closed tube vapor transport method.18 From these crystals
spherical samples with diameterF50.3–0.8 mm and a
sample in form of a slab with dimensions 1.030.630.2 mm3

were made. These samples were mechanically polished using
abrasive powder with an average particle size near 0.5 mm
and oriented by x-ray diffraction to within 1°. FMR reso-
nance experiments were performed in the 3 cm wavelength
range either in a standard FMR apparatus containing a TE102
rectangular reflection cavity or in a nonresonant system. The
sample is placed in either an evacuated cavity or in a section
of a shorted waveguide at an antinode of the rf magnetic
field. It is mounted on a thin sapphire rod connected to the
cold tip of a Helitran cryostat placed between the pole pieces
of a magnet. The external magnetic field was made to lie in

PHYSICAL REVIEW B 1 NOVEMBER 1996-IIVOLUME 54, NUMBER 18

540163-1829/96/54~18!/12979~14!/$10.00 12 979 © 1996 The American Physical Society



the ~110! plane of the crystal, so that FMR data could be
collected along the principal crystallographic directions.
Resonance curves were obtained in the temperature range 4.2
K to TC and recorded using a heterodyne receiver to improve
the signal-to-noise ratio.

In Secs. II and III we present our main experimental data
and discuss several phenomenological aspects. In Sec. IV we
discuss the level structures of the Cr21, Cr31, and Cr41 ions,
and the single-ion contributions to the anisotropy of chalco-
genide spinels are calculated in Sec. V. Finally in Sec. VI
these results, together with others reported in earlier sections,
are used to interpret our experimental data. Conclusions con-
cerning the influence of the sample conductivity on the FMR
properties and the microscopic mechanisms underlying the
FMR linewidth and magnetic anisotropy are also presented.

II. FMR LINE SHAPE AND ANISOTROPY

It is known that in FMR studies19 the conductivity may
play a key role in determining the absorption line shapes. In
insulators the skin depth~d! is considerably larger than the
sample size and the uniform mode is excited in spherical
samples. In metals the skin depth is as a rule appreciably
smaller than the sample size and the inhomogeneity of the
microwave field results in spin-wave excitations. Being mag-
netic semiconductors, the chromium chalcogenide spinels
provide nearly ideal materials to study the effect of the con-
ductivity on the FMR absorption in a very interesting inter-
mediate regime.

The phenomenological description of ferromagnetic reso-
nance implies the study of the set of equations composed by
the equation of motion for the time-dependent local magne-
tization and Maxwell equations, subjected to appropriated
boundary conditions.19 It results that the electromagnetic
wave propagates in a medium defined by an effective mag-
netic permeability containing all information of interest. In
particular, the resonance field,H res, is defined as the field
that maximizes the imaginary~or absorption! part of the ef-
fective magnetic permeability.

Neglecting, for the moment, magnetic anisotropy effects,
the simplest case is that of an insulating ellipsoidal sample
magnetized along the axis of rotation~z axis!. In this case
one obtains Kittel’s condition for uniform resonance:

~v/g!5@H res2~Nz2Nt!Ms#, ~1!

wherev is the radiation frequency,g is the spectroscopy
ratio,Ms is the saturation magnetization, andNt5Nx5Ny is
the demagnetizing factor in directions perpendicular to the
axis of symmetry, satisfying 2Nt1Nz54p. For a sphere,
Nt5Nz and thusv5gH res.

In a conducting medium,20 however, the situation gets
very complex and the analysis is in general made in distinct
regimes according to the material of interest. For a metal
such as iron, the radiation penetration~skin! depth,
d5c[2psv]21/2, wherec is the light velocity,s is the con-
ductivity, andv is the radiation frequency, is quite small. In
fact, at room temperature,s.~2.8!104 V21 cm21, and taking
v59.4 GHz~our working frequency!, we findd.~0.31!1022

mm. On the other hand, for a magnetic semiconductor such
as CdCr2Se4 and HgCr2Se4, s is at most two orders of mag-

nitude smaller and in turnd is at least 100 times bigger and
thus of the order of the radius of the samples used in our
experimental studies. At resonance, estimates ford may turn
substantially smaller due to the enhancement with frequency
of the imaginary part of the effective magnetic permeability,
which is assumed unity in a classical spin depth derivation.
In some cases this enhancement may cause the system to
enter in the so-called anomalous skin effect regime,19 in
which cased is smaller than the electron mean free path.

The main result of the skin effect is that the magnetic
excitations associated with the resonance condition are not
the uniform mode, as in the case of insulators, but rather
spin-wave modes with nonzero values of the wave vectork.
Its dispersion relation in an ellipsoidal sample, including ex-
change and dipolar forces, is given by19

~vk /g!25@~H2NzMs1Hexa
2k2!~H2NtMs1Hexa

2k2

14pMssin
2fk!#, ~2!

whereHex52A/Msa
2 is the exchange effective field,a is the

lattice constant, andfk is the angle between the wave vector
k and thez direction.

In metals the resonance condition is associated to spin-
wave excitations with wave vectors that peak atk;d21. As
discussed by Ament and Rado21 it gives rise to a shift in the
resonance field, with respect to the uniform resonance at con-
stant frequency, given by

DH res52
8p

3

AAsv

c
, ~3!

and to the so-called exchange-conductivity damping
mechanism19 with a magnitude given by twice the value of
uDH resu.

On the other hand, in low-conductivity materials, such as
ferrites22 and magnetic semiconductors,23 the wave vector of
the excited spin waves are much smaller, in such a way that
the exchange term in Eq.~2! can be neglected in the analysis.
In this case, for spherical samples, the resonance condition
satisfies24

~v/g!25Hi~Hi14pMssin
2fk!, ~4!

Hi5H res2~4pMs/3!. ~5!

It results thatvmin<v<vmax, wherevmin and vmax corre-
spond to the two limits of the spin-wave manifold,fk50
andfk5p/2, respectively, and manifest as maxima in the
density of states of a continuum of modes between these
angle limits. Notice that, at constant frequency,
H res(fk5p/2) is shifted towards low fields andH res(fk50)
towards the high-field side. In the case of ferrites, a quite
detailed study in this regime of validity was carried out by
Saito, Marysko, and collaborators.22,24 In the following we
shall argue that their approach applies also to the case of
chromium chalcogenide spinels for samples with sufficiently
high conductivity.

Figure 1 shows the FMR line shapes of a spherical sample
of CdCr2Se4 doped with Ag at 5.4 mole %,F50.54 mm at
several temperatures. At low temperatures the line is sym-
metrical about the field of resonance, characterizing the ex-
citation of the uniform mode. As the temperature increases,
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the line becomes asymmetrical with a terrace edge~or a
shoulder! on the high-field side of the main absorption maxi-
mum. This behavior contrasts with those observed in
samples with lower Ag doping, for which the line shapes are
symmetrical throughout the whole temperature range, but
agrees with the line-shape profile observed in ferrites. The
peak at low~high! fields corresponds to the excitation of spin
waves with wave vector perpendicular~parallel! to the direc-
tion of the applied magnetic field. Notice that the
H res(fk5p/2) peak shifts towards low fields with increasing
temperature as a result of the increase in the sample conduc-
tivity, consistently confirmed in the next section. The
exchange-conductivity mechanism, Eq.~3!, usually produces
exactly the opposite temperature dependence, as observed in
metals,20 due to the increase ofs(T) with decreasing tem-
perature.

In Fig. 2 we display the frequency and size dependences16

of the absorption. As the frequency increases, the skin depth
decreases and the peak nearH res~0! becomes more pro-
nounced. The separation between the shoulder and the main
absorption peak for the 0.33 mm diam sample of CdCr2Se4
with 5.4 mole % of Ag is 800 Oe. This is appreciably smaller
than the theoretical value of 1300 Oe, estimated from22

dH5
v

g
12pMs2F ~2pMs!

21S v

g D 2G1/2, ~6!

where 4pM ~80 K!53540 Oe. However, when the sample
diameter increases to 0.54 mm, the separation increases to
1000 Oe, approaching the theoretical value, as expected,
since the sample dimension becomes larger than the skin
depth. We thus conclude that this is indeed the case of spin-

wave excitation in a region in which exchange effects can be
neglected. Our studies in the next section will also confirm
this conclusion.

We now turn to study the effect of magnetic anisotropy on
the FMR properties. The dependence of the resonance con-
dition on crystal orientation can be introduced19 via an inter-
nal effective anisotropy field,H i

(a), derived from the volume
anisotropy energy density, defined by

H i
~a!5dF ~a!~a j !/dM , ~7!

F ~a!~a j !5K1S1K2P1K3S
2, ~8!

whereM is the magnetization,a j , j51, 2, and 3, are the
direction cosines of the magnetization with respect to the
@100#, @010#, and @001# axes of the crystal, respectively,
S5a 1

2a 2
21a 2

2a 3
21a 1

2a 3
2 and P5a 1

2a 2
2a 3

2. The field ~7!
may now be included in the resonance condition through the
effective anisotropic demagnetizing factor defined by

H i
~a!52N~a!

•M . ~9!

One can show that the general expressions for the three prin-
cipal anisotropy constants,Nx

(a), N y
(a), and Nz

(a) are @the
static and rf magnetic fields lay in the~110! plane of a cubic
crystal#

FIG. 1. Temperature variation of the FMR line shape along the
@110# direction for 5.4 mole % Ag-doped CdCr2Se4, F50.54 mm
at 9.40 GHz.

FIG. 2. Variation of the FMR line shape:~a! with the frequency
and~b! with the diameter for spherical samples of 5.4 mole % Ag-
doped CdCr2Se4 at 80 K.
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Nx
~a!5

K1

Ms
2 ~223 sin2u!2

K2

Ms
2 sin

2ucos2u

1
K3

Ks
2S 4sin2u29sin4u1

9

2
sin6u D , ~10a!

Ny
~a!5

K1

Ms
2~229sin2u19sin4u!1

K2

Ms
2S 3sin2u210sin4u

1
15

2
sin6u D1

K3

Ms
2S 12sin2u253sin2u

1
147

2
sin6u2

63

8
sin8u D , ~10b!

Nz
~a!5

K1

Ms
2 ~4 sin2u23 sin4u!1

K2

Ms
2S 32 sin4u2

3

2
sin6u D

1
K3

Ms
2S 8 sin4u212 sin6u1

9

2
sin9u D . ~10c!

In deriving Eqs.~10! it is assumed that the crystal is magne-
tized to saturation and both the magnetization and the mag-
netic field are along thez direction, which makes an angleu
with the @001# crystal axis.

We may now introduce anisotropy effects on the reso-
nance condition, Eq.~4!, by modifying the static internal
magnetic field in the form

Hi5H res2
4p

3
Ms2

K1

Ms
~4 sin2u23 sin4u!

2
K2

Ms
S 32 sin4u2

3

2
sin6u D

2
K3

Ms
S 8 sin4u212 sin6u1

9

2
sin8u D . ~11!

By puttingfk5p/2, substituting~11! into ~4,5!, and solving
for the field of maximum absorption in the~110! plane, we
obtain

H res~u!5b01
K1

Ms
S sin2u1

3

2
sin22u D

1
K2

Ms
S 32 sin4u2

3

2
sin6u D

1
K3

Ms
S 8 sin4u212 sin6u1

9

2
sin8u D , ~12a!

where

b05Av2/g214p2Ms
22 2

3pMs . ~12b!

Using Eqs.~12! we can estimate the first three anisotropy
constants from the data forH res~u! by curve fitting with a
least-squares method.

Figure 3 shows a typical fitting using Eq.~12a! of the data
for H res~u! from a sphere~F50.71 mm! of 1.3 mole% Ag-
doped HgCr2Se4 at 15 K and 9.4 GHz. Similar fittings give
values forK1 , K2 , andK3 as a function of temperature, as
shown in Fig. 4. Attempts at fitting the data using Kittel’s
condition for uniform resonance, Eq.~1!, have failed for this
sample with relatively high conductivity.

III. FMR LINEWIDTH

If the skin depth is larger than or of the order of the
sample size, the temperature dependence of the linewidth
(DH) of a magnetic semiconductor can be explained by vari-
ous relaxation mechanisms,12,25such as two-magnon scatter-
ing due to surface and volume pits, eddy-current losses, and
slow or fast impurity relaxations. In Fig. 5 we show the
results of the temperature dependence ofDH for three
samples of Ag-doped CdCr2Se4 single crystals with 0.1%
~F50.5 mm!, 0.75% ~1.030.630.2 mm3!, and 5.4%~F
50.5 mm! nominal doping. As we see from this figure,
above 80 KDH varies little with temperature until one
reaches the critical region. We interpret the rapid increase of
DH in this region as due to the large magnetic fluctuations.

FIG. 3. Angular dependence ofH res for 1.3 mole% Ag-doped
HgCr2Se4, F50.71 mm at 9.4 GHz and 15 K.u is the angle be-
tween the static magnetic field and the@100# direction in the~110!
plane. The curve is a fitting of Eq.~12a! using the parameters values
in Oe: b053836.8; (K1/M )52726.9; (K2/M )522863.1;
(K3/M )51428.94.

FIG. 4. Temperature dependence of the anisotropy constants:K1
~d!, K2 ~m!, andK3 ~j! for 1.3 mole% Ag-doped HgCr2Se4. The
lines are guides for the eyes.
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For the sample with 5.4% Ag one may conclude thatTC
increased about 10 K as a resulting of doping. Below 85 K
we can notice, for a sample with 0.1% Ag, a splitting ofDH
corresponding to two different crystallographic directions. In
fact, an anomalous increase ofDH along the@100# direction
was detected by Bairamovet al.10 ~no effect was felt along
the @111# direction!, below liquid nitrogen, and has been at-
tributed to the presence of impurity Cr41 ions. This effect is
also seen in theDH of sample with 5.4% Ag forT,80 K.
The DH of a sample with 0.75% Ag does not show it be-
cause the sample was oriented in the@111# direction~a maxi-
mum around 90 K might be due to some impurity effect!. As
will become clear in this and the next sections, the above-
mentioned anomalies inDH are due to the presence of Cr21

and/or Cr41 ions, whose valences have been changed to
charge compensate for modifications in the sample stoichi-
ometry. They are strongly dependent on the crystallographic
directions, as opposed to the quite isotropic exchange-
conductivity mechanism discussed in the last section.

The contributions of intrinsic processes involving thermal
magnons and phonons are of the order 0.1–1 Oe and there-
fore may be neglected in our discussion. To estimate the
losses due to two-magnon scattering we shall consider the
treatment of Sparks26 for surface and volume pits. In the
absence of information about the volume of the pits let us
assume a total contribution of 5 Oe atT54.2 K ~the 0.5mm
surface pits gives a contribution of 2.74 Oe and the differ-
ence is to account for the volume ones!, which is of the order
of magnitude found forDH in undoped CdCr2Se4 single
crystal.27 The temperature dependence of both mechanisms
is the same and determined by the magnetization26 ~see inset
in Fig. 6!. For the indirect processes we shall consider the

eddy-current losses in spherical samples as given by25

DH5
16pR2v

45c2
4pMsv , ~13!

whereR is the radius of the sample,v is the microwave
frequency,M is the magnetization, andsv is the crystal con-
ductivity at frequencyv. For samples in the form of a slab,
the eddy-current losses are written in the form25

DH5
8pd2v

c2
4pMsv , ~14!

where d is the dimension of the slab in the wave-vector
direction. Thus the temperature dependences of the micro-
wave conductivity to fit the data are obtained from the equa-
tion

FIG. 5. FMR linewidth of Ag-doped CdCr2Se4 single crystals as
a function of temperature. The inset shows data for the magnetiza-
tion ~from Ref. 26! and our theoretical prediction~interpolation of
dot points! of the temperature dependence of the linewidth due to
pit scattering for undoped CdCr2Se4.

FIG. 6. Microwave conductivities of Ag-doped CdCr2Se4 single
crystals as a function of temperature using Eq.~18!. Nominal dop-
ing: ~n! 5.4%;~l! 1.34%~DH data from Ref. 10!; ~s! 0.75%;~d!
0.1%~bottom data forDH in Fig. 5!, at 9.4 GHz; and~L! indicates
data~Ref. 28! of the static conductivity for 1% Ag.

FIG. 7. Temperature dependence ofDH for 0.1 mole% Ag-
doped CdCr2Se4, F50.30 mm at 9.4 GHz. The inset shows the
temperature dependence ofH res for the same sample.
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sv~T!5
DH~T!2DHp~T!

AM~T!
, ~15!

whereDH(T) is the experimental value,DHp(T) is the pit-
scattering contribution, andA is found from~13! or ~14!.

In Fig. 6 we present the results forsv(T) using~15!, and
for comparison we also show thesv(T) to fit the data of
Bairamovet al.10 ~along the@111# direction! for a spherical
sample of 1.34% Ag-doped CdCr2Se4, F50.3 mm, as well
as the temperature dependence of the static conductivity for
1% Ag-doped CdCr2Se4.

28 These values would change very
little if we had assumed aDHp of 10 Oe. The calculated
microwave conductivities are about one order~0.1, 0.75, and
1.34%! and are two orders~5.4%! of magnitude greater than
the static one~1%! but the temperature dependences are
quite the same. The conductivities for 0.75 and 1.34% are
practically the same, which may be due to uncertainties as-
sociated with the nominal doping. This increase with fre-
quency should be expected by taking into account the impu-
rity contribution to the conductivity and was in fact found for
n-type CdCr2Se4 ~Ref. 29! and EuO.30

In Fig. 7 we shown the results of the temperature depen-
dences ofH res and ofDH for a sample of 0.1 mole% Ag-
doped CdCr2Se4 single crystal. As shown in this figure,H res
and DH present maxima for various directions at various
temperatures. These features will be discussed in Sec. VI.

In Fig. 8 we show the results of the temperature depen-
dences ofH resandDH for a spherical sample of ‘‘as grown’’
HgCr2Se4 single crystal,F50.8 mm. Below 70 K we can
notice anomalous increase ofDH along the@100# and @111#
directions. To explain the giant anomalous peaks ofH res and
DH along some particular crystallographic directions, we as-
sume that the impurity ion has two low-lying energy levels
so that these anomalies would occur at crossover or near
crossover of these levels. The ground state would result from
a combined effect of crystalline field, spin-orbit coupling,
and exchange interaction between the magnetic moment of
the impurity ion and the crystal magnetization.

Our analysis shows that two different mechanisms can fit
the temperature dependence ofDH at low temperatures: the
fast ~or transverse! or the slow~or longitudinal! relaxation

mechanism.26 The slow or longitudinal relaxation mecha-
nism is induced by the delay in establishing the thermal equi-
librium values of the population of the impurity ion energy.
These levels are modulated by the uniform precession via an
anisotropic exchange coupling between the spin of the impu-
rity ion and the crystal magnetization. For the two-level sys-
tem the expression for the FMR linewidth reads26

DH5
Nimp

kTMs
f ~u,f!

vt

11~vt!2
sech2S De

2kTD , ~16!

where

f ~u,f!5
1

4F S ]De

]u D 21S ]De

]f D 2G . ~17!

Here v is the resonance frequency,Nimp is the density of
impurity ions,De is the separation between the energy levels,
Ms is the saturation magnetization,u andf are the angular
coordinates of the magnetization with respect to the equilib-
rium position,k is the Boltzmann constant, andt is the re-
laxation time associated with restoring thermodynamic equi-
librium in the population of the two energy levels. It is worth
noticing thatDH in Eq. ~16! may have two maxima as a
function ofT.

The temperature dependence oft is determined by the
thermal bath which we assume to consist of phonons or mag-
nons. For direct processes in which a phonon~or magnon! is
absorbed or emitted, the relaxation time has the same tem-
perature dependence, namely

t5t0tanhS De

2kTD . ~18!

In the transverse or fast relaxation mechanism, the trans-
verse part of the effective field acting on the impurity ion
excites the precession of it, as in a paramagnetic resonance
experiment, and energy is transferred from the ferromagnetic
system to the thermal bath. In the case of two energy levels,
and hv!De, the expression for the FMR linewidth corre-
sponding to this process is given by26

FIG. 8. Temperature dependence ofDH along
the principal crystalographic directions in a
sample of ‘‘as grown’’ HgCr2Se4, F50.8 mm at
9.4 GHz. The inset shows the temperature depen-
dence ofH res.
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DH54
Nimp

N0

v

g

~Det/\!

@11~Det/\!2#
tanh

De

2kT
, ~19!

whereN0 is the density of Cr31 ions forming the magneti-
cally ordered subsystem. We should notice thatDH in Eq.
~19! has a maximum atT50 and decreases with increasing
temperature.

In Fig. 9 we present our fit of theDH peak for the data of
1.34 mole% Ag-doped CdCr2Se4, from Ref. 10, using the
mentioned mechanisms. We have subtracted the results of
DH for the @100# direction from the ones for the@111# di-
rection to isolate the contribution from the impurity ions. To
produce the fit of Fig. 9 the following values forDe andt0
were obtained:De516.7 cm21 andt053.3310213 s, andDe
52.46 cm21 andt051.4310210 s, for the fast and the slow
mechanisms~inset!, respectively. We have usedMs54480
Oe andv56.2831010 s21. On the other hand, in Fig. 10 we
show that only a slow relaxation mechanism can fit our data
of Fig. 8 for ‘‘as grown’’ HgCr2Se4 ~subtracting now the
data for the @110# direction! with t051.8310211 s and
De516 cm21 for the @100# direction. In the inset it is also
shown that the same parameters can nicely fit the data of Ref.
10 for a similar sample of ‘‘as grown’’ HgCr2Se4. The fitting
for the @111# direction will be discussed in Sec. VI.

In the next section the energy levels of the Cr ions in their
proper crystal environment will be calculated allowing a mi-
croscopic interpretation of the magnetic anisotropy and line-
width data presented in Secs. II and III.

IV. LEVEL STRUCTURES OF Cr IONS
IN CHALCOGENIDE SPINELS

The chromium chalcogenides1 have a normal spinel struc-
ture ~see Fig. 11!. The Cr ions~B sites! are surrounded by an
octahaedron of selenium ions. EachB site lies on an axis of

threefold symmetry which is parallel to one of the body di-
agonals of the cubic crystal. The local symmetry about aB
site is not cubic but trigonal. Four kinds ofB sites may be
distinguished according to which one of the four directions
@111#, [11̄1], [1̄11], and [1̄1̄1] is parallel to the trigonal
axis. The selenium positions are displaced slightly from
those of a regular octahedron. Two contributions to the trigo-
nal field may be distinguished. The cations~Cd ions occupy-
ing tetrahedral positions, orA sites! tend to make the poten-
tial greatest along the trigonal axis. The anions~Se ions!
oppose the effect of the cations.31

SincekTC>90 cm21, to calculate the temperature depen-
dence of the anisotropy we need the energy levels within this

FIG. 9. Temperature dependence ofDH data~from Ref. 10! for
1.3 mole% Ag-doped CdCr2Se4. The curve is our fitting assuming
the fast relaxation mechanisms as in Eqs.~16!–~18!: t053.3310213

s andDe5DEx516.7 cm21. The inset shows our fitting now as-
suming the slow relaxation mechanism as in Eqs.~18! and ~19!:
t051.4310210 s andDe52.46 cm21.

FIG. 10. Temperature dependence ofDH for ‘‘as grown’’
HgCr2Se4, F50.80 mm at 9.4 GHz. The curves are fittings of the
slow relaxation mechanism@using Eqs.~25! and assuming a statis-
tical distribution over the distinctB sites#: t051.8310211 s and
De5DEx516.0 cm21 for the @100# direction andt051.8310211 s,
DEx516.0 cm21, andD59.0 cm21 for the @111# direction.

FIG. 11. Spinel structure showing the immediate environment of
an octahedral site.
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range, i.e., the level structure of the orbital ground state.
Starting from the (2L11)(2S11) fold-degenerate state, we
consider medium crystal field and use the perturbative
method of Bleaney and Stevens.32

A. Cr 21 in octahedral sites„3d4-5D state,L52, S52…

The cubic crystal field splits the5D state into aG5 triplet
and aG3 doublet orbital ground state. The trigonal field does
not remove the orbital degeneracy, and its effect is calculated
to first order in perturbation theory. We have now to include
the spin-orbit interaction and the action of the molecular field
of the Cr31 host ions on the spin of the Cr21 impurity ion,
both to first order. For symplicity, we shall neglect the Zee-
man and the dipolar spin-spin interactions. The tenfoldG3

2

orbital-spin-multiplet finally splits@see Fig. 12~a!# with ei-
genvalues,

Ea,i50 ~doublet!, ~20a!

Ea,i56A~ 5
26 3

2 !A~16hb3i !, ~20b!

A5A~DEx!
218~lv/D!2, ~20c!

h5
4A2DvlDEx

D2~DEx!
218l2v2

, uhu,1, ~20d!

wherea runs over the tenfold level structure andi over the
four distinctB sites,DEx is the exchange energy between the
Cr21 ions and the host Cr31 ions, l is the spin-orbit cou-
pling, D is the cubic crystal-field splitting,v is the trigonal
component resulting from the off-diagonal component of the
crystal field within the orbital doubletG3, and b3i is the
direction cosine of the magnetization with respect to the co-
ordinate system in which thez axis is along one of the four
@111# directions~local axis of deformation!, as shown in Fig.
12~b!. It should be mentioned that in calculating the energy
eigenvalues, the angular momentum was quantized along the
local axis of deformation and the spin along the direction of
magnetization.

Our results for the level structure of the Cr21 ions differ
from those obtained by Hoekstra and van Stapele.8 In the
latter the orbital ground state splits by the combined action
of spin-orbit coupling and trigonal field in second-order per-
turbation theory, whereas the exchange~molecular! field is
taken to be infinite. Contrary to the latter assumption, we
take the molecular field of the order of the spin-orbit cou-
pling and their effect is calculated in first order using wave
functions including first-order corrections from the trigonal
field. Comparison with experimental data in Sec. VI indi-
cates that our viewpoint is more adequate to describe the
anisotropy of CdCr2Se4.

B. Cr31 in octahedral sites„3d3-4F state,L53, S53/2…

The cubic crystal field splits the4F state into aG2 singlet
and twoG4 andG5 triplets ~see Fig. 13!. For this ion on a
octahedral site of a spinel structure, the ground state is an
orbital singlet~G2! and the exchange~molecular field!, spin-
orbit, and spin-spin splittings are small compared to the

FIG. 12. Energy levels of the Cr21 ions in chromium chalco-
genide spinels.~a! Energy levels scheme for 3d4 configuration on
an octahedral site.~b! Angular dependence of the low-lying energy
levels. The parameters used areA523.0 cm21, h50.996~l555.0
cm21 andDEx516.7 cm21!. Level crossing occurs along the@112#
direction at siteg1, along the@110# direction at sitesg2 andg3, and
along the [112̄] direction at siteg4. The dotted lines illustrate the
level splitting obtained in higher order of perturbation theory.

FIG. 13. Energy levels of the Cr31 ions in chromium chalco-
genide spinels~3d3 configuration on an octahedral site!.
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spacing of the excited levels in the crystal field. Thus the
orbital angular momentum is quenched to first-order pertur-
bation theory and the one-ion energy spectrum can be ob-
tained from a spin Hamiltonian in the form33

Hs1CSz81DSz
2, ~21!

with

C>DEx ,
~22!

D>6A5
l2v
D2 2rF522A5

v
D G ,

whereD is the cubic-field splitting,v is the trigonal compo-
nent resulting from off-diagonal elements of the crystal field
between the orbital singletG2 and the orbital tripletG5, r is
the constant of the dipolar spin-spin interaction,z8 is the axis
along the magnetization direction, andz is the axis along one
of the four directions@111#.

AssuminguDu!uCu, and perturbation theory to the third
order, we obtain the following lowest-energy levels~see Fig.
13! for theG2

2 spin multiplet:

E63/256
3

2
DEx1

3

4
D6

3D2

8DEx
2

9D3

64DEx
2

1S 3D2 6
9D2

4DEx
2

9D3

4DEx
2Db3i

2

1S 6
21D2

8DEx
2
117D3

64DEx
2Db3i

4 1
135D3

32DEx
2b3i

6 , ~23a!

E61/256
DEx

2
1
7D

4
6

3D2

8DEx
2

21D3

64DEx
2

1S 3D2 6
15D2

4DEx
2

69D3

16DEx
2Db3i

2

1S 6
27D2

8DEx
1
567D3

64DEx
2Db3i

4 2
135D3

32DEx
2b3i

6 . ~23b!

C. Cr4 in octahedral sites„3d2-3F state,L53, S51…

The cubic crystal field splits the3F state into twoG4 and
G5 triplets and oneG2 singlet which are further splitted by the
trigonal field. The lower stateG4 is split into aG2

2 singlet and
a G3

2 doublet. In the selenide compounds there is neither
experimental nor theoretical evidence about the sign of the
trigonal splitting,DT . Thus the lowest state may be either the
G3

2 state (DT.0) or theG2
2 state (DT,0) @see Fig. 14~a!#.

Both cases are considered in this section. To calculate the
energy levels we have now to include the spin-orbit interac-
tion and the action of the molecular field of the Cr31 host
ions on the spin of the Cr41 impurity ion. For simplicity, we
shall also neglect the Zeeman and the dipolar spin-spin in-
teractions.

1. G3
2 lowest

The effect of the above-mentioned interactions~to first
order! on theG3

2 spin multiplet splits this state, with the new
eigenvalues

Ea,i50 ~doublet!, ~24a!

Ea,i56lx~11g26gb3i !
1/2, ~24b!

where a now runs over the sixfold level structure,
g5DEx/lx, x53/21A5(v/D), andv is the trigonal com-
ponent resulting from off-diagonal elements of the crystal
field within the orbital tripletG4.

2. G2
2 lowest

Being a singlet-orbital ground state, its analysis is quite
similar to that of the Cr31 ion, where a spin Hamiltonian, Eq.
~21!, is derived.

Assumingulu.uDExu, and both smaller than the spacing
of the excited energy levels, we can consider their effect in
perturbation theory. To first order the spin-orbit interaction
does not remove the degeneracy of theG2

2 state, which is
split by the exchange field into three levels separated by
DEx . In second order, we find the following eigenvalues for
theG2

2 spin multiplet~see Fig. 13!:

E1,i52DEx2
D

2
~32b3i

2 !, ~25a!

FIG. 14. Energy levels of the Cr41 ions in chromium chalco-
genide spinels.~a! Energy levels scheme for 3d21 configuration on
an octahedral site.~b! Angular dependence of the low-lying energy
levels. The parameters used areDEx516.0 cm21 andD59.0 cm21.
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E0,i52D~11b3i
2 !, ~25b!

E21,i5DEx2
D

2
~32b3i

2 !, ~25c!

with

D5S 916A5
v
D D l2

4DT
. ~26!

V. CHROMIUM SINGLE-ION ANISOTROPY
IN CHALCOGENIDE SPINELS

In order to calculate the anisotropy due to the chromium
ions let us determine their contribution to the free energy per
unit volume:

F~T50 K!5
N

4(i51

4

E0,i , ~27!

F~T!52
NkT

4 (
i51

4

lnZi , ~28!

Zi5(
a

expS 2Ea,i

kT D , ~29!

whereE0,i is the ground-state energy,Ea,i is theath energy
level for a ion on an octahedral sitei , N is the number of
impurity chromium ions per cm3, and a statistical distribution
over the distinctB sites is assumed.

A. Cr 21 anisotropy

It is clear that Eq.~20b! implies level crossing of the two
low-lying energy levels according to the sign ofb3i @see Fig.
12~b!#. Using values forA andh~,0! which fit our data, this
effect is illustrated in Fig. 15, whereb3i is related to the

cosine directionsa j of the magnetization with respect to the
@100#, @010#, and @001# axes of the crystal. For an applied
magnetic field in the~110! plane, we defineu as the angle
between the direction of magnetization and the@100# crystal
axis ~u50!. Level crossing occurs along the@112# direction
@u5tan21~1/&!# at siteg1, along the@110# direction~u5p/2!
at sitesg2 andg3, and along the [112̄] direction at siteg4.

Using the ground-state energy in the form@see Eq. 20~b!#

E0,i522A~12hub3i u!1/2, ~30!

we obtain the following zero-temperature free-energy ex-
pressions, according to theu interval: 0,u,tan211/&:

F1~T50!5
K0

2
a31

KM

2
a3
31

KF

2
~a3

525a1
2a2

2a3!

1cubic anisotropy; ~31!

tan21~1/&!,u,p/2 andp/2,u,p2tan21~1/&!:

F2,3~T50!5
K0

2
~a11a26a3!

1
KM

2
~a1

31a2
36a3

363a1a2a3!

1
KF

2
~a1

51a2
56a3

5!

1a1a2a3~6a1a21a31a11a2a3!

1cubic anisotropy; ~32!

p2tan21~1/&!,u,p:

F4~T50!52F1~T50!1cubic anisotropy, ~33!

whereK0 is given by a power series inh and has no effect
on the resonance field,

KM5
NA

12A3
h3, ~34!

KF5
NA

288A3
h5, ~35!

and the cubic anisotropy is given by

Kcubic5K1~0!S1K2~0!P, ~36!

S5a1
2a2

21a1
2a3

21a2
2a3

2, ~37!

P5a1
2a2

2a3
2, ~38!

K1~0!5F5A336 h41
21A3
36

h6GN, ~39!

K2~0!5
7

18
h6N. ~40!

On the other hand, using Eqs.~20!, ~28!, and ~29!, and
dropping constant terms, we obtain the free energy at finite
temperatures:

FIG. 15. Angular dependence ofH res~u! for CdCr2Se4 with 0.1
mole% Ag,F50.30 mm at 9.4 GHz and 4.2 K.u is the angle
between the static magnetic field and the@100# direction in the
~110! plane. The curve is a fitting including additional noncubic
anisotropy components due to Cr21 impurity ions ~values in Oe!:
~v/g!532998.5; (KM/Ms)526.2; (KF/Ms)523.8; (K1/Ms)
54.1; (K2/Ms)571.4.
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F~T!52
NkT

4 (
i51

4

ln$11cosh@2g~11hb3,i !
1/2#

1cosh@2g~12hb3,i !
1/2#1cosh@g~11hb3,i !

1/2#

1cosh@g~12hb3,i !
1/2#%, ~41!

where g5A/kT. For kT,A, F(T) is given by the zero-
temperature expressions plus logarithmic~temperature-
dependent! corrections. Therefore, forkT,A, including
T50, the free energy has noncubic components proportional
to the cubic and fifth power of the magnetization compo-
nents. ForkT.A, however, the cubic symmetry is recov-
ered:

F~T!5K1~T!S1K2~T!P, ~42!

where

K1~T!5NkTF29S rqD
2

2
4

27S rqD
3

1
6

81S rqD
4

2
8

243S rqD
5G ,

~43!

K2~T!52NkTF1627S rqD
3

2
64

81S rqD
4

1
160

243S rqD
5G , ~44!

r5
17

8
g4h2, ~45!

q5515g21
17

8
g4. ~46!

B. Cr31 anisotropy

Using Eqs. ~23a! and dropping constant terms, the
ground-state energy for this ion on sitei may be written as

E0,i[E3/2,i5S 3D2 2
9D2

4DEx
2

9D3

4DEx
2Db3i

2

1S 21D2

8DEx
2
117D3

64DEx
2Db3i

4 1
135D3

32DEx
2b3i

6 . ~47!

From Eq.~27! the free-energy contribution atT50 K is thus
obtained

Fa~T50 K!5K1S1K2P, ~48!

where

K1~T50!5S 7D2

6DEx
1

5D3

2DEx
2DN, ~49!

K2~T50!5
15D3

2DEx
2N. ~50!

ForTÞ0, using Eqs.~23! and Eqs.~28! and~29!, the free
energy forkT,D reduces to the value atT50 K plus ex-
ponential corrections in the form

Fa,i~T!5Fa,i~T50!2
NkT

4 (
i51

4 H expF2
1

kTS DEx23Db3i
2

2
6D2

DEx
b3i
4 2

135D3

16DEx
2b3i

6 D G
1expF2

1

kTS 2DEx23Db3i
2

1
3D2

4DEx
b3i
4 2

135D3

16DEx
2b3i

6 D G
1expF2

1

kTS 3DEx2
21D2

4DEx
b3i
4 D G J . ~51!

For kT.D, the exponential terms can be expressed in
power series. Dropping constant terms we obtain the follow-
ing free energy:

Fa~T!5K1S1K2P, ~52!

where

K1~T!52
NkT

4 S 169 x41
16

9
x61

32

27
x8DN, ~53!

K2~T!52
NkT

4 S 649 x61
1024

81
x8DN, ~54!

x452
3D2

8kTDEx
S 9F27C

A1B D19S DkTD
2 AB

~A1B!2
, ~55!

x652
135D3

32kTDEx
2SA2B

A1BD2
9

4S DkTD
3SA2B

A1BD
1

9D3

4DEx~kT!2S 9FB17CA

A1B D , ~56!

x852
27D4

16~kT!4F182SA2B

A1BD 21 3

4SA2B

A1BD 4G
1

9D4

64~kT!2~DEx!
2F139A1171B

A1B
2
1

2S 9F27C

A1B D 2
245SA2B

A1BD 2G1
D4

64~kT!3DEx
F2259C1333F

A1B

1
81

8 S 9FA17CB

A1B D SA2B

A1BD G , ~57!

A5coshS 3DEx

2kT D , B5coshS DEx

2kTD , ~58!

C5sinhS 3DEx

2kT D , F5sinhS DEx

2kTD . ~59!
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C. Cr41 anisotropy

For this ion we have to consider two cases according to
the sign of the trigonal-field splitting.

1. G3
2 lowest (DT>0)

It is clear from the Eqs.~24! that the ground-state energy
for this ion on sitei is

E0,i52lxA11g212gub3i u. ~60!

By defining A5(lx/2)A11g2 and h52g/~11g2!, we ob-
serve that the above expression is similar to Eq.~20b! for the
ground-state energy of the Cr21 ion. The free-energy contri-
bution at T50 K is therefore identical to that previously
obtained for the Cr21 ions.

For TÞ0 K the free-energy contributions have been de-
rived using Eqs.~24! and ~28! and ~29!. Dropping constants
terms, we have

Fa,i~T!52
NkT

4 (
i51

4

ln@11cosht~11hb3i !

1cosht~12hb3i !#, ~61!

wheret5(lx/kT)A11g2.
For kT,lxA11g2 this contribution reduces to the value

atT50 K, plus exponential corrections, as for the Cr21 ions
(kT,A). For kT.lxA11g2, similar expressions are also
obtained as for the Cr21 ions (kT.A), with the parameters
in Eqs.~45! and ~46! defined by

r5
1

8
t4h2 and q531t21

t4

8
. ~62!

2. G2
2 lowest withzlz'zDExz

At T50 K the four inequivalent site contributions add to
a constant value. On the other hand, using Eqs.~25! and~28!
and ~29! and dropping constant terms, we obtain the free
energy at finite temperatures:

F~T!52
NkT

4 (
i51

4

ln~11Xi !. ~63!

where

Xi5
1

2
sechS DEx

kT DexpF D

2kT
~3b3i

2 21!G . ~64!

For kT.3D/2 @see Eq.~26!#, ln(11Xi) and the exponential
terms can be expressed in power series. Dropping constant
terms, a cubic symmetry is recovered:

F~T!5K1~T!S1K2~T!P1K3S
2, ~65!

K1~T!5
NkT

2 F D2

~kT!2
q

~12q!2G , ~66!

K2~T!52NkTF D3

~kT!3
q~q11!

~12q!3 G , ~67!

K3~T!52
NkT

24 F D2

~kT!4
q~q227!

~12q!4 G , ~68!

q5
1

2
sechS DEx

kT D . ~69!

VI. MICROSCOPIC INTERPRETATION OF THE
EXPERIMENTAL DATA AND CONCLUSIONS

In the last two sections we have calculated the energy
levels and the single-ion contributions to the anisotropy as-
sociated with the Cr21, Cr31, and Cr41 ions present in the
spinel chalcogenides. The more relevant results of the calcu-
lations can be summarized as follows:~i! crossovers of the
two low-lying energy levels of the Cr21 ions occur in the
@112# direction at siteg1, in the @110# direction at sitesg2
andg3, and in the [112̄] direction at siteg4 @see Fig. 12~b!#.
On the other hand, near crossings occur in the@100# direction
at the four lattice sites for both the Cr21 and Cr41 (DT,0)
ions @Figs. 12~b! and 14~b!#. Near crossings of the two low-
lying energy levels of the Cr41 (DT,0) ions occur also in
the [111̄] direction at siteg1, and in direction@111# at siteg4
@Fig. 14~b!#. ~ii ! As a result of the doublet orbital ground
state of the Cr21 ions and the level crossings, we find that a
symmetry breaking of the anisotropy from cubic, at high
temperatures, to noncubic at low temperatures occurs.~iii !
The Cr31 ions produce a small cubic anisotropy,K1 ,K2.0,
which play a significant role only in the almost perfect sto-
ichiometric sample.~iv! The single-ion contribution of the
Cr41 ions to the anisotropy is also cubic. ForDT.0, we find
that K1.0, K2,0, and K3.0, whereas for DT,0,
K1 ,K2,0 andK3.0.

In FMR experiments, for an applied magnetic field in the
~110! plane, the salient feature of the noncubic component of
the anisotropy, according to the result~ii ! above, is the asym-
metry of the resonance fieldH res~u! about the@110# direc-
tion, a ‘‘signature’’ of the presence of Cr21 ions in the sys-
tem. In Fig. 15 we report FMR data for the angular
dependence of theH res~u! of single crystals of CdCr2Se4 with
0.1 mole% Ag atT54.2 K, where this effect is seen. For this
sample of relatively low conductivity~see Fig. 6! only the
uniform mode is excited and thus a good fitting of the data is
obtained using Kittel’s condition, Eq.~1!, including also ap-
propriated effective anisotropic demagnetizing factors
through Eqs.~9!–~10!. Regardless the Ag doping, the contri-
bution of Cr21 ions is sizable, probably due to the large
amount of Se defects. The asymmetry of theH res~u! about
the @110# direction has been observed6–8 in several FMR
studies of both CdCr2Se4 and CdCr2S4, but either ignored or
attributed6 to a small deviation from sample sphericity. How-
ever, this could not produce such a big effect, which has in
fact an intrinsic origin as explained above. In Fig. 15 we
present also a fitting of the data, where the discontinuities in
the theoretical curve reflect the level-crossing approximation
used to calculateH res~u! from Eqs.~7! and~9!. We have used
the T50 expressions for the free energy, Eqs.~31!–~33!,
since at 4.2 K the logarithmic corrections are negligible.

It is clear that the asymmetry of theH res~u! is justified by
the presence of Cr21 ions, in agreement with the theoretical
results derived in Sec. V. Though we do not have a complete
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knowledge of the parameters involved, we can test the con-
sistency of the values of the anisotropy constants obtained
from the fitting of the data in Fig. 15. IndeedKM andKF
were found to be negative, in accord with the sign32 of the
cubic crystal-field splittingD. Also,KF is smaller thanKM as
predicted by Eqs.~34! and ~35!. Taking32 l558 cm21, (v/
D).(21/10), and assuming a typical concentration of 1019

Cr21 ions per cm3, we find DEx.70 cm21, which is the
correct order of magnitude for the exchange energy since the
observed asymmetry persists in the entire ferromagnetic re-
gion. On the other hand, from the values ofK1 andK2 , we
conclude that a complete explanation of the cubic component
requires including the contributions from the Cr41 and Cr31

ions.
The simultaneous contributions of Cr ions of different va-

lences to the 0.1 mole% Ag-doped CdCr2Se4 anisotropy and
FMR relaxation forbid the possibility of a quantitative analy-
sis of our results for theH res andDH maxima as shown in
Fig. 7. In spite of this, our results for the low-lying energy
levels of the Cr21 and Cr41 ions suggest that the fast relax-
ation mechanism due to Cr41 ions is responsible for theDH
maxima along the@100# and@111# directions at low tempera-
tures. TheDH maxima along the@110# is probably associ-
ated with a relaxation mechanism due to Cr21 ions which
shows level crossing along this direction. The two peaks of
DH in the @100# direction at higher temperatures may be due
to the slow relaxation of Cr41 ions or due to the valence
exchange mechanism of Cr21-Cr31 or Cr31-Cr41.

Since we find that theH res~u! curves for ‘‘as grown’’
HgCr2Se4 and 1.3 mole% Ag-doped CdCr2Se4 are symmetri-
cal about the@110# direction, we conclude, in agreement with
result ~ii ! above that there is no substantial amount of Cr21

ions in these samples. The fitting of these curves predicts
K1,0, and should accordingly@see result~iv! above# be
ascribed to the presence of Cr41 ions. The presence of these
ions shows up more conclusively in the temperature depen-
dence ofDH for 1.3 mole% Ag-doped CdCr2Se4 ~Fig. 9!, in
which case a fast relaxation mechanism due to Cr41 ions is
responsible for the peak along the@100# direction at low
temperatures @see result ~i!#, with a relaxation time
t053.3310213 s and@using Eqs.~25!# an exchange field be-
tween these ions and the host Cr31 ions ofDEx516.7 cm21.
On the other hand, for ‘‘as grown’’ HgCr2Se4 ~Figs. 8 and
10! a slow relaxation mechanism due to Cr41 ions with
DEx516.0 cm21 and t051.8310211 s fits the data nicely.

The fitting for the@111# direction was obtained using Eqs.
~25! and assuming a statistical distribution over the distinctB
sites. From this fitting we obtained the additional parameter
D59.0 cm21. The difference of the exchange fieldsDEx

may be accounted for by the distinct transition temperatures
of the two compounds. However, the two order of magnitude
difference of the relaxation times~fast and slow! from one
compound to another is a striking example of the complex
behavior of impurity magnetic ions in spinel magnetic semi-
conductors.

TheH res~u! curves for 1.3 mole% Ag-doped HgCrSe4 ~see
Fig. 3! for temperatures in the entire ferromagnetic region
are symmetrical about the@110# direction and therefore we
conclude also that no substantial amount of Cr21 ions is
present in this case. At all temperatures, the fittings predict
K1 ,K2,0 andK3.0 and should accordingly be ascribed to
the presence of Cr41 ions ~caseDT,0!. The first three an-
isotropy constants are in reasonable quantitative agreement if
we assume the concentration of 4.531020 Cr41 ions/cm3

~nominal concentration of Ag! and reliable values for the
parameters of this ion in ‘‘as grown’’ HgCr2Se4 crystal ob-
tained by the relaxation mechanism analysis~DEx516.0
cm21 andD59.0 cm21!. The results are displayed in Table
I.

Our results and discussion concerning the effect of mag-
netic impurity ions on the FMR linewidth and anisotropy
complement those reported in Secs. II and III, where we have
studied the dependence of the FMR line shape and linewidth
on the sample conductivity, as well as the temperature de-
pendence of the linewidth on the two-magnon relaxation
mechanism. In particular, we have shown that while in the
sample of low conductivity only the uniform mode is excited
in a FMR experiment, in those having high enough conduc-
tivity the resonance condition is associated with the excita-
tion of a spin-wave manifold in a regime where exchange
effects are irrelevant and characterized by a quite asymmetri-
cal FMR line shape.

In Secs. III and IV crystal-field theory was used to calcu-
late the Cr ions low-lying energy levels and their effect on
the magnetic anisotropy and FMR relaxation. We showed
that the orbital ground state of the Cr21 ion is a doublet and
causes a symmetry breaking of the anisotropy from cubic, at
high temperatures, to noncubic at low temperatures. In this
section we reported FMR data of a single crystal of

TABLE I. Experimental and theoretical estimates for the cubic anisotropy constants in 1.3 mole% Ag-
doped HgCr2Se4 for various temperature values.

T ~K!

K1 ~cm21/ion! K2 ~cm21/ion! K3 ~cm21/ion!

Expt. Theory Expt. Theory Expt. Theory

15 22.68 21.26 210.57 22.31 5.27 0.87
30 21.97 22.06 27.45 24.07 3.42 0.59
45 21.58 21.95 25.99 22.97 2.88 0.40
60 21.17 21.66 24.14 22.05 2.02 0.16
75 20.82 21.45 23.03 21.44 1.47 0.10
90 20.60 21.25 22.01 21.04 0.99 0.06
110 20.22 21.06 20.67 20.73 0.33 0.03
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CdCr2Se4 with 0.1 mole% Ag doped where this effect is
seen. Moreover, several relaxation mechanisms were identi-
fied, which allowed the estimates of exchange fields and mi-
croscopic relaxation times of Cr ions in these crystals.

In conclusion, our analysis of the reported theoretical and
experimental results have shown that the chalcogenide
spinels are very interesting magnetic systems and offer many
possibilities of studying the interplay between magnetic and

electrical properties, as well as striking effects due to the
presence of impurity magnetic ions in these compounds.
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