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The effect of Cr ions of different valencé€r?™, Cr**, and Cf*) on the magnetic anisotropy and ferro-
magnetic resonandgMR) linewidth in ferromagnetic semiconductors, with specific application to the chro-
mium chalcogenide spinels CdSe, and HgCsSe, (“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’Crion 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
CdCrSe 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.[S0163-182806)06542-3

I. INTRODUCTION verifiedt® and attributed to the formation of €rions, which
could equally be created to charge compensate for Cd vacan-
The effect of Cr ions of different valences,Cr CP**,  cies. Further investigatiohsshowed that vacuum annealing
and Cf*, on the magnetic anisotropy and ferromagneticof Ag-doped CdCsSe, altered the sign oK, (now from
resonance (FMR) linewidth of chromium chalcogenide negative to positive This change was ascribed to the forma-
spinels has been intensively investigated after the discbvention of C*" ions!! which occurred as Se vacancies appeared
of magnetism in these compounds. In particular, G8€r in the crystal, whereas subsequent annealing in Se atmo-
and HgCgSe, exhibit ferromagnetism with high magnetiza- sphere reversed the anisotropy sign as the vacancies filled up,
tion and relatively high Curie temperatur@&=130-142 K  though the value oK; (<0) was much less in magnitude
for CdCr,Se, and 106—120 K for HgGBe,) and if stoichio-  than the initial one. The presence of*Ciions has also been
metrically perfect are electrical insulators. The anisotropysuggested as responsible for the low-temperature peaks of
caused by the Gf host ions is fountlto be extremely small the FMR linewidth of Ag-doped CdG8e, (Refs. 10 and 1P
and the resonance line very narrow. In addition, howeverand of “as grown” HgCkSe,,*>'*as well as to explafi~*°
CdCrSe, and HgCySe, also exhibit semiconducting the negative anisotropy of Hg3e,. It should be mentioned
behavio? due to a lack of stoichiometrias grown, thermal  that variations in sign occlit depending on the degree of
treatment or intentional doping, and may achieve quite largeleviation from stoichiometry.
conductivities. The combination of semiconducting and mag- In this paper we present a detailed investigation of the
netic properties has been the most attractive feature of thesdfects of impurity doping and temperatur€)(on the FMR
chromium chalcogenide compourftisthe wide range of line shape, linewidth, and anisotropy on the compounds
nonstoichiometry leads to a strong composition influence orcd, _,Ag,Cr,Se, and Hg _,Ag,Cr,Se;.
the physical propertiesIn particular, it causes the appear-  In the experiments we have used single crystals grown by
ance of impurity magnetic ioAsvhich manifest in anoma- the closed tube vapor transport metH8&rom these crystals
lous peaks of the resonance field and of the FMR linewidttspherical samples with diameteb=0.3—0.8 mm and a
along some particular crystallographic directions. sample in form of a slab with dimensions ¥0.6x0.2 mn?
Several studies have been made to identify the impurityvere made. These samples were mechanically polished using
magnetic ions responsible for the above-mentioned anomabrasive powder with an average particle size near 0.5 mm
lies. It was suggested by Berger and Pihtat C#* ions  and oriented by x-ray diffraction to within 1°. FMR reso-
could be formed to charge compensate fof Seacancies nance experiments were performed in the 3 cm wavelength
and qualitatively explain the variation of anisotropy from range either in a standard FMR apparatus containingg,TE
sample to sample. However, it has also been sugdesitad  rectangular reflection cavity or in a nonresonant system. The
accidental F& impurities are responsible for the anisotropy sample is placed in either an evacuated cavity or in a section
anomalies, after identificatiSrof similar effects in CdGiSe,  of a shorted waveguide at an antinode of the rf magnetic
doped with Fe. On the other hand, in Ag-doped C&gr field. It is mounted on a thin sapphire rod connected to the
(Ag"* substituting for Cd"), a change in sign of the first cold tip of a Helitran cryostat placed between the pole pieces
anisotropy constanK; (from positive to negative was  of a magnet. The external magnetic field was made to lie in
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the (110 plane of the crystal, so that FMR data could benitude smaller and in tur@ is at least 100 times bigger and
collected along the principal crystallographic directions.thus of the order of the radius of the samples used in our
Resonance curves were obtained in the temperature range £€&2perimental studies. At resonance, estimatesfmay turn
K to T and recorded using a heterodyne receiver to improveubstantially smaller due to the enhancement with frequency
the signal-to-noise ratio. of the imaginary part of the effective magnetic permeability,
In Secs. Il and Il we present our main experimental datavhich is assumed unity in a classical spin depth derivation.
and discuss several phenomenological aspects. In Sec. IV we some cases this enhancement may cause the system to
discuss the level structures of the?CrCr’", and Cf* ions,  enter in the so-called anomalous skin effect reglhe
and the single-ion contributions to the anisotropy of chalcowhich cases is smaller than the electron mean free path.
genide spinels are calculated in Sec. V. Finally in Sec. VI The main result of the skin effect is that the magnetic
these results, together with others reported in earlier sectionsxcitations associated with the resonance condition are not
are used to interpret our experimental data. Conclusions cotthe uniform mode, as in the case of insulators, but rather
cerning the influence of the sample conductivity on the FMRspin-wave modes with nonzero values of the wave vektor
properties and the microscopic mechanisms underlying th#s dispersion relation in an ellipsoidal sample, including ex-
FMR linewidth and magnetic anisotropy are also presentedchange and dipolar forces, is given'By

(a)k/’y)2=[(H =N, Mg+ Hexazkz)(H —NM+ Hexa2k2
Il. FMR LINE SHAPE AND ANISOTROPY +47T|V|SSin2¢)k)], )

It is known that in FMR studiés the conductivity may whereH =2A/M (a? is the exchange effective field,is the

play a key role in determining the absorption line shapes. I,yice constant, ang, is the angle between the wave vector
insulators the skin deptty) is considerably larger than the | o4 thez direction.

sample size and the uniform mode is excited in spherical |, iatais the resonance condition is associated to spin-
samples. In metals the skin depth is as a rule appreciably,, e excitations with wave vectors that peakats . As
smaller than the sample size and the inhomogeneity of th§iscssed by Ament and R&ddt gives rise to a shift in the
microwave field results in spin-wave excitations. Being magyegonance field, with respect to the uniform resonance at con-

netic semiconductors, the chromium chalcogenide spinel§tant frequency. given b

provide nearly ideal materials to study the effect of the con- g y. 9 y

ductivity on the FMR absorption in a very interesting inter- 87 JAcw

mediate regime. AHpe= — 5~ 3

The phenomenological description of ferromagnetic reso-

nance implies the study of the set of equations composed byind to the so-called exchange-conductivity damping
the equation of motion for the time-dependent local magnemechanisr? with a magnitude given by twice the value of
tization and Maxwell equations, subjected to appropriatedAH J.

boundary condition$® It results that the electromagnetic  On the other hand, in low-conductivity materials, such as
wave propagates in a medium defined by an effective magrerrites’? and magnetic semiconductdrsthe wave vector of
netic permeability containing all information of interest. In the excited spin waves are much smaller, in such a way that
particular, the resonance fieltl s, is defined as the field the exchange term in E) can be neglected in the analysis.
that maximizes the imaginaripr absorptioh part of the ef-  |n this case, for spherical samples, the resonance condition

fective magnetic permeability. satisfieé
Neglecting, for the moment, magnetic anisotropy effects,
the simplest case is that of an insulating ellipsoidal sample (0l y)?>=H,(H;+47MSirt ), 4
magnetized along the axis of rotati¢m axis). In this case
one obtains Kittel's condition for uniform resonance: H,=H s (47MJ/3). 5)
(0/y)=[H,ec— (N,~NOM], (1) It results thatw,,<w<wmna, Where oy, and oy, corre-

spond to the two limits of the spin-wave manifol@, =0

where w is the radiation frequencyy is the spectroscopy and ¢,= 7/2, respectively, and manifest as maxima in the
ratio, M is the saturation magnetization, aNg=N,=N, is  density of states of a continuum of modes between these
the demagnetizing factor in directions perpendicular to theangle limits. Notice that, at constant frequency,
axis of symmetry, satisfying ®,+N,=4. For a sphere, H.d{¢=m/2) is shifted towards low fields ard,.{ ¢,=0)
N;=N, and thusw = yH . towards the high-field side. In the case of ferrites, a quite

In a conducting mediurf® however, the situation gets detailed study in this regime of validity was carried out by
very complex and the analysis is in general made in distincBaito, Marysko, and collaboratas2* In the following we
regimes according to the material of interest. For a metashall argue that their approach applies also to the case of
such as iron, the radiation penetratiofskin) depth, chromium chalcogenide spinels for samples with sufficiently
S=c[2mow] Y2 wherec is the light velocity,o is the con-  high conductivity.
ductivity, andw is the radiation frequency, is quite small. In  Figure 1 shows the FMR line shapes of a spherical sample
fact, at room temperature=(2.810* Q" *cm?, and taking  of CdCr,Se, doped with Ag at 5.4 mole %P=0.54 mm at
w=9.4 GHz(our working frequency we find =(0.3)10 >  several temperatures. At low temperatures the line is sym-
mm. On the other hand, for a magnetic semiconductor suchetrical about the field of resonance, characterizing the ex-
as CdCsSe, and HgCsSe,, o is at most two orders of mag- citation of the uniform mode. As the temperature increases,
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the line becomes asymmetrical with a terrace edgea FIG. 2. Variation of the FMR line shapéa) with the frequency

shouldey on the high-field side of the main absorption maxi- and (b) with the diameter for spherical samples of 5.4 mole % Ag-
mum. This behavior contrasts with those observed irfloped CdCsSe, at 80 K.

samples with lower Ag doping, for which the line shapes are

symmetrical throughout the whole temperature range, bulvave excitation in a region in which exchange effects can be
agrees with the line-shape profile observed in ferrites. Tha@eglected. Our studies in the next section will also confirm
peak at low(high) fields corresponds to the excitation of spin this conclusion.

waves with wave vector perpendiculgaralle) to the direc- We now turn to study the effect of magnetic anisotropy on
tion of the applied magnetic field. Notice that the the FMR properties. The dependence of the resonance con-
H ed &= 7/2) peak shifts towards low fields with increasing dition on crystal orientation can be introduégdia an inter-
temperature as a result of the increase in the sample condugal effective anisotropy fieldd (%), derived from the volume
tivity, consistently confirmed in the next section. The anisotropy energy density, defined by
exchange-conductivity mechanism, E8), usually produces

exactly the opposite temperature dependence, as observed in

metals?® due to the increase af(T) with decreasing tem- H{® = 6F 2)( )/ M, (7)
perature.

In Fig. 2 we display the frequency and size dependéfices )
of the absorption. As the frequency increases, the skin depth Fa(aj)=KiS+KaP+K;S, ®

decreases and the peak née#y.{0) becomes more pro-
nounced. The separation between the shoulder and the majjhere M is the magnetizationg;, j=1, 2, and 3, are the

absorption peak for the 0.33 mm diam sample of G8&f  direction cosines of the magnetization with respect to the
with 5.4 mole % of Ag is 800 Oe. This is apprECIably Smaller[loo], [010], and [001] axes of the CrystaL respective|y,

than the theoretical value of 1300 Oe, estimated ffom S=ala3+ala3+aia3 and P=a2a3a3. The field (7)
may now be included in the resonance condition through the
112 effective anisotropic demagnetizing factor defined by

, (6)

w)z
Y

where 4rM (80 K)=3540 Oe. However, when the sample

diameter increases to 0.54 mm, the separation increases ne can show that the general expressions for the three prin-
1000 Oe, approaching the theoretical value, as expectedipal anisotropy constantdy(®, N{, and N&® are [the
since the sample dimension becomes larger than the skitatic and rf magnetic fields lay in tt{&10) plane of a cubic
depth. We thus conclude that this is indeed the case of spirerystal

w
5H:h;+2st—%2wM92+

H®=—-N®.Mm. 9)
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FIG. 4. Temperature dependence of the anisotropy constants:
(@), K, (A), andK 3 (H) for 1.3 mole% Ag-doped HgGBe,. The

K K
N<;‘>=M—l2 (2—3sirfH)— M—Zzsin20c0§0
s lines are guides for the eyes.

S

K 9
+ E; 4sirf— 9sirf 6+ Esinﬁa) , (103
S

B ST 3
Hed 6)=Bo+ M—( Sirf6+ 5 sm220)

S

K K
@__"15_gq i 2| iy i Ks(3 3
Ny M2(2 9sirf 6+ 9sirf'6) + vE: 3sirf6— 10sirf 0 L0203 a2 i
s s M\ 2 2
15 Ks
i 3 2o i K 9
+5sin ") + Mg( 12sirf 6~ 53sirf 0 + 0| 8 sirfo—12 sirfo+ > sinBa), (123
S
147 63
+ TSinﬁﬂ— gsinsa), (10b) where
Bo= o’ y*+A4m*MZi—ETM;. (12b
N(Za)=£lz (4 sirt6— 3 sirf ) + 522 3 sinfe— 3 sin6¢9) Using Egs.(12) we can estimate the first three anisotropy
Mg Mg\ 2 2 constants from the data fdi,{6) by curve fitting with a
K 9 least-squares method.
+ _z 8 sirf9—12 sirfo+ — singa). (100 Figure 3 shows a typical fitting using E(.29 of the data
s 2 for H,.{6) from a spherg®=0.71 mm of 1.3 mole% Ag-

o o ) doped HgCjSe, at 15 K and 9.4 GHz. Similar fittings give
In der|V|ng Eqs(lO) it is assumed that the Crystal IS magne- values forKl’ KZ' and KS as a function of temperature, as

tized to saturation and both the magnetization and the magshown in Fig. 4. Attempts at fitting the data using Kittel's
netic field are along the direction, which makes an angie  condition for uniform resonance, E(), have failed for this

with the[001] crystal axis. sample with relatively high conductivity.
We may now introduce anisotropy effects on the reso-

nance condition, Eq(4), by modifying the static internal

S . Il. FMR LINEWIDTH
magnetic field in the form

If the skin depth is larger than or of the order of the

A7 K, . . sample size, the temperature dependence of the linewidth
Hi=Hres— 5 Ms— (4 sirf6—3 sirf'0) (AH) of a magnetic semiconductor can be explained by vari-

S ous relaxation mechanism2®such 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 Adfi for three
samples of Ag-doped Cdg3e, single crystals with 0.1%
(®=0.5 mm), 0.75% (1.0x0.6x0.2 mn?), and 5.4% (d
=0.5 mm nominal doping. As we see from this figure,
By putting ¢ = 7/2, substituting11) into (4,5), and solving above 80 KAH varies little with temperature until one
for the field of maximum absorption in th&10) plane, we reaches the critical region. We interpret the rapid increase of
obtain AH in this region as due to the large magnetic fluctuations.

Kof3 ., 3 ¢
- M_S(E sin*6— > sin 9)

Ks ) . 9 .
- M—( 8 sinf9— 12 sirfa+ > sinfg

S

. (11
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T(K) 0.1% (bottom data forAH in Fig. 5), at 9.4 GHz; and ¢ ) indicates

data(Ref. 28 of the static conductivity for 1% Ag.
FIG. 5. FMR linewidth of Ag-doped CdG8g, single crystals as
a function of temperature. The inset shows data for the magnetizasqdy-current losses in spherical samples as givén by
tion (from Ref. 26§ and our theoretical predictiofinterpolation of
dot pointg of the temperature dependence of the linewidth due to 167R%w

pit scattering for undoped Cds3e,. AH= WA'WM Ty, (13

For the sample with 5.4% Ag one may conclude thia  \yhereR is the radius of the sampley is the microwave
increased about 10 K as a refsultlngo of doping. Below 85 KirequencyM is the magnetization, ang, is the crystal con-
we can notice, for a sample with 0.1% Ag, a splittingdfl  qyctivity at frequencyw. For samples in the form of a slab,

corresponding to two different crystallographic directions. Inye eddy-current losses are written in the f&tm
fact, an anomalous increase dH along the[100] direction

was detected by Bairamaat all® (no effect was felt along 872

the[111] direction, below liquid nitrogen, and has been at- AH= 7 > w477|\/| T, (14)
tributed to the presence of impurity Crions. This effect is c

also seen in th&H of sample with 5.4% Ag foT<80 K.

The AH of a sample with 0.75% Ag does not show it be- whered is the dimension of the slab in the wave-vector
cause the sample was oriented in f&1] direction(a maxi- direction. Thus the temperature dependences of the micro-

mum around 90 K might be due to some impurity effeés ~ Wave conductivity to fit the data are obtained from the equa-

will become clear in this and the next sections, the abovellon
mentioned anomalies inH are due to the presence of’Cr
and/or Cf' ions, whose valences have been changed to
charge compensate for modifications in the sample stoichi- s I
ometry. They are strongly dependent on the crystallographic wor |
directions, as opposed to the quite isotropic exchange- zq|*+4.,,
conductivity mechanism discussed in the last section. — .

The contributions of intrinsic processes involving thermal < . e
magnons and phonons are of the order 0.1-1 Oe and there< | .,
fore may be neglected in our discussion. To estimate the 20f® s . T
losses due to two-magnon scattering we shall consider the . . ”. .-, N
treatment of Spark8 for surface and volume pits. In the . PRI B e .
absence of information about the volume of the pits let us 51 ce et
assume a total contribution of 5 Oe Bt 4.2 K (the 0.5um
surface pits gives a contribution of 2.74 Oe and the differ- - - s s ~ :
ence is to account for the volume oheshich is of the order ° 20 a0 6c':(K) 5 100 20
of magnitude found forAH in undoped CdGSe, single
crystal.27 The temperature dependence of both mechanisms FiG. 7. Temperature dependence ®H for 0.1 mole% Ag-
is the same and determined by the magnetiz&titsee inset doped CdCsSe,, ®=0.30 mm at 9.4 GHz. The inset shows the
in Fig. 6). For the indirect processes we shall consider theemperature dependence léf, for the same sample.

@
@
o
-3
.
-
.

Hggs (Oe)
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whereAH(T) is the experimental valug\H ,(T) is the pit-
scattering contribution, and is found from(13) or (14).

In Fig. 6 we present the results for,(T) using(15), and
for comparison we also show the (T) to fit the data of
Bairamovet al1° (along the[111] direction for a spherical
sample of 1.34% Ag-doped CdSe,, ®=0.3 mm, as well

as the temperature dependence of the static conductivity for

1% Ag-doped CdGSe,.?8 These values would change very
little if we had assumed @&H, of 10 Oe. The calculated where

microwave conductivities are about one or¢er, 0.75, and

1.34% and are two order&.4% of magnitude greater than

the static one(1%) but the temperature dependences are
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AH(T)—AH(T) mech.an.isn?.6 The slow or longitudinal relaxation mecha-
o,(T)= , (15  nismis 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 re&ts

I\Iimp

AH= N g OT Rl SE] g
= iamy O DT 2SN ST )

1
f(9,¢)=Z

dA€\2 (ﬁAe)z
(w) + 0 | (17)

quite the same. The conductivities for 0.75 and 1.34% are
practically the same, which may be due to uncertainties adHere » is the resonance frequencl;y, is the density of
sociated with the nominal doping. This increase with fre-Impurity ions,Ae is the separation between the energy levels,
quency should be expected by taking into account the impuMs is the saturation magnetizatioti,and ¢ are the angular
rity contribution to the conductivity and was in fact found for coordinates of the magnetization with respect to the equilib-
n-type CdCsSe, (Ref. 29 and EuO®
In Fig. 7 we shown the results of the temperature depenlaxation time associated with restoring thermodynamic equi-
dences ofH,.s and of AH for a sample of 0.1 mole% Ag-
doped CdCsSeg, single crystal. As shown in this figurél, I
and AH present maxima for various directions at variousfunction of T.
temperatures. These features will be discussed in Sec. VI.
In Fig. 8 we show the results of the temperature depenthermal bath which we assume to consist of phonons or mag-

dences oH,.;andAH for a spherical sample of “as grown” I ch a
HgCr,Se, single crystal,®=0.8 mm. Below 70 K we can absorbed or emitted, the relaxation time has the same tem-

notice anomalous increase AH along the[100] and[111]
directions. To explain the giant anomalous peakslf and

AH along some particular crystallographic directions, we as-
sume that the impurity ion has two low-lying energy levels

rium position,k is the Boltzmann constant, andis the re-

librium in the population of the two energy levels. It is worth
noticing thatAH in Eq. (16) may have two maxima as a

The temperature dependence ofs determined by the
nons. For direct processes in which a phof@nmagnon is
perature dependence, namely

A
T= Totam'( %) . (18

so that these anomalies would occur at crossover or near
crossover of these levels. The ground state would result from In the transverse or fast relaxation mechanism, the trans-
a combined effect of crystalline field, spin-orbit coupling, verse part of the effective field acting on the impurity ion
and exchange interaction between the magnetic moment @icites the precession of it, as in a paramagnetic resonance
the impurity ion and the crystal magnetization.
Our analysis shows that two different mechanisms can fisystem to the thermal bath. In the case of two energy levels,
the temperature dependence/dfl at low temperatures: the andhw<Ae, the expression for the FMR linewidth corre-
fast (or transverseor the slow(or longitudina) relaxation

experiment, and energy is transferred from the ferromagnetic

sponding to this process is given®y



54 MAGNETIC PROPERTIES OF CHROMIM . .. 12 985

80 800

80 300

5 8

g S200}

2 5
~. 607 S 600} =
@ =] <Q
e D ~100}
= g g
= = — £
— 3 [ <
= 8 o
T 40 = 0 26 40 60 80
) 3 4001 T(K)
'é‘ 80 i
- b
T
g 201 3

200
5 A
1 1 hd
20 40 60 80
T(K)
(e] 20 40 60 80
T(K)

FIG. 9. Temperature dependenceAdfi data(from Ref. 10 for
1.3 mole% Ag-doped CdG®eg,. The curve is our fitting assuming
the fast relaxation mechanisms as in E4$)—(18): 7,=3.3x10" 13
s andAe=AE,=16.7 cm . The inset shows our fitting now as-
suming the slow relaxation mechanism as in Ed®) and (19):
75=1.4x1071% s andAe=2.46 cm %,

FIG. 10. Temperature dependence &»H for “as grown”
HgCr,Se, ®=0.80 mm at 9.4 GHz. The curves are fittings of the
slow relaxation mechanisusing Eqs(25) and assuming a statis-
tical distribution over the distincB siteg: 7,=1.8x10 ! s and
Ae=AE,=16.0 cnmi ! for the[100] direction andr,=1.8x10 s,
AE,=16.0 cm, andD=9.0 cm ! for the[111] direction.

Nimp @ (Ae7lh) Ae
AH= — > tanh——, (19 . .
No v [1+(Aer/h)] 2kT threefold symmetry which is parallel to one of the body di-
agonals of the cubic crystal. The local symmetry abo@ a
site is not cubic but trigonal. Four kinds & sites may be
distinguished according to which one of the four directions

whereN, is the density of Gt ions forming the magneti-
cally ordered subsystem. We should notice that in Eq.

g?pr;ertztﬁr;naxmum ar=0 and decreases with increasing [121], [121], [111], and [111] is parallel to the trigonal

In Fig. 9 we present our fit of thaH peak for the data of axis. The selenium positions are displaced slightly from
134 mo.Ie% Ag-doped CdgBe,, from Ref. 10, using the those of a regular octahedron. Two contributions to the trigo-
mentioned mechanisms. We have subtracted the results 8?' field may be d"cft.mgu'ShEd.' The catici@d ions occupy-
AH for the [100Q] direction from the ones for thgl11] di- Ing tetrahedral positions, (A sites te_nd to mak_e the poten-
rection to isolate the contribution from the impurity ions. To tial greatest along the trigonal axis. The anidie ion3

produce the fit of Fig. 9 the following values fdre and 7, Op%?r?((:eetl?'(l? ifggtc?;,tpiocggﬁﬁéte the temperature depen-
were obtainedAe=16.7 cm ! and 7,=3.3x10 135, andAe dence of the anisoirooy we need the ener pl vel withi?1 i
=2.46 cmi t and 7,=1.4x10 1% s, for the fast and the slow “€NCE O € aNISOOPY We need the energy Ievels s

mechanismginse), respectively. We have uséd =4480
Oe andw=6.28x10 s%. On the other hand, in Fig. 10 we [ooi] i
show that only a slow relaxation mechanism can fit our data TRIGONAL AXIS
of Fig. 8 for “as grown” HgCrSe, (subtracting now the
data for the[110] direction with 7,=1.8x10 ! s and
Ae=16 cm ! 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” HgG8e,. 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. Il and lll.

(O oxveen

@2 siTE
OB sITE

IV. LEVEL STRUCTURES OF Cr IONS
IN CHALCOGENIDE SPINELS

The chromium chalcogenidkbave a normal spinel struc-
ture (see Fig. 11 The CriongB site9 are surrounded by an FIG. 11. Spinel structure showing the immediate environment of
octahaedron of selenium ions. Ed8tsite lies on an axis of an octahedral site.
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FIG. 12. Energy levels of the &F ions in chromium chalco-

genide spinels(a) Energy levels scheme ford3 configuration on
an octahedral sitéb) Angular dependence of the low-lying energy
levels. The parameters used dxe 23.0 cm %, %=0.996 (\=55.0
cm ! andAE,=16.7 cm}). Level crossing occurs along thl2]
direction at sitey;, along the[110] direction at sitesy, and y3, and
along the [112 direction at sitey,. The dotted lines illustrate the
level splitting obtained in higher order of perturbation theory.

range, i.e., the level structure of the orbital ground state

Starting from the (2 +1)(2S+1) fold-degenerate state, we
consider medium crystal field and use the perturbativ
method of Bleaney and Stevetfs.

A. Cr%* in octahedral sites(3d*-°D state,L =2, S=2)

The cubic crystal field splits theD state into a5 triplet
and al'; doublet orbital ground state. The trigonal field does

D. COUTINHO-FILHO 54
.
fa
.
A i
N3 Is
P

FIG. 13. Energy levels of the &F ions in chromium chalco-
genide spinel$3d® configuration on an octahedral site

E.i=0 (doublep, (203
Eei= =V EHV(1% 98y, (20b)
A=/(AE,)?+8(\v/A)?, (200
4\2AvNAE, <t (200

T A2(AE,)2+ 8\ %2’

where « runs over the tenfold level structure andver the
four distinctB sites,AE, is the exchange energy between the
Cr?** jons and the host G ions, \ is the spin-orbit cou-
pling, A is the cubic crystal-field splittingy is the trigonal
component resulting from the off-diagonal component of the
crystal field within the orbital doublef’;, and B3 is the
direction cosine of the magnetization with respect to the co-
ordinate system in which the 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®Crions differ
from those obtained by Hoekstra and van StaPdte.the
latter the orbital ground state splits by the combined action
of spin-orbit coupling and trigonal field in second-order per-

Qurbation theory, whereas the exchangeoleculay 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 CdGsSe,.

not remove the orbital degeneracy, and its effect is calculated
to first order in perturbation theory. We have now to include

3+ ; ; 3.4 - —
the spin-orbit interaction and the action of the molecular field B. Cr™ in octahedral sites(3d™-"F state, L =3, $=3/2)

of the CP" host ions on the spin of the &rimpurity ion,
both to first order. For symplicity, we shall neglect the Zee-
man and the dipolar spin-spin interactions. The tenfold
orbital-spin-multiplet finally split§see Fig. 12a)] with ei-
genvalues,

The cubic crystal field splits th&F state into d, singlet
and twol', andT; triplets (see Fig. 13 For this ion on a
octahedral site of a spinel structure, the ground state is an
orbital singlet(I',) and the exchangénolecular field, spin-
orbit, and spin-spin splittings are small compared to the
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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-

(a)

tained from a spin Hamiltonian in the fofth

H+CS, +DS%, (22)

with

C=AE,,
(22)

) v
DEG\/EF_P[5_2\/§X ,
whereA is the cubic-field splittingy is the trigonal compo-
nent resulting from off-diagonal elements of the crystal field
between the orbital singldt, and the orbital triplel’s, p is
the constant of the dipolar spin-spin interactiphijs the axis
along the magnetization direction, andk the axis along one
of the four directiong111].

Assuming|D|<|C|, and perturbation theory to the third
order, we obtain the following lowest-energy lev&dee Fig.
13) for theI', spin multiplet:

3 3D2 9p3
—D+

4P “BAE, 6MAE

|s

|s
AE, 7D 3D? 21D3
+—= -
2 ' 4 TB8AE, 64AE2
<3D 15D2 69D3)
5 B
+

3
Et3/2: iEA EX+

3D 9D? 9D°®

+ _ 2
2 T4AE, 4AEZ

3i

+

133

21D? 11mD°3
+ 285
32AE;

4 _ 4
T8AE, 64AEZ

3i

+

(233

2
3i

-+ I —
2 T4AE, 16AE2
)Bgi

C. Cr*in octahedral sites(3d?-%F state,L=3, S=1)

1393

2% 56M° 6
32AEZ7 3

* +
8AE, 64AE:

(23b

The cubic crystal field splits théF state into twal’, and
I's triplets and ond’, singlet which are further splitted by the
trigonal field. The lower statE, is split into al'; singlet and
a I'; doublet. In the selenide compounds there is neithe

experimental nor theoretical evidence about the sign of the

trigonal splitting,A . Thus the lowest state may be either the
I'; state A+>0) or thel'; state A;<0) [see Fig. 14)].

Py

| AEx-D/2
[ AEx-D/2

\/\

Site \61

ool ) o]

40 80 120 160
©(DEGREE)

7A

(b)

Elcm)

Site 5,2 Sitess

E{cm")

40 80 120
©(DEGREE)

7 /_\_/
Site 84

20 80 120 160
6 (DEGREE)

E(cm™)

FIG. 14. Energy levels of the €t ions in chromium chalco-
genide spinels(@) Energy levels scheme ford3" configuration on
an octahedral sitgb) Angular dependence of the low-lying energy
levels. The parameters used &&,=16.0 cmi *andD=9.0 cmi %,

E.i=0 (doublep, (249
Eui= = AX(1+y2 = yB3)2 (24b)
where @« now runs over the sixfold level structure,

y=AE,/\x, x=3/2+\/5(v/A), andv is the trigonal com-
ponent resulting from off-diagonal elements of the crystal
field within the orbital tripletl’,.

r
2.T'5 lowest

Being a singlet-orbital ground state, its analysis is quite
similar to that of the CG¥" ion, where a spin Hamiltonian, Eq.

Both cases are considered in this section. To calculate they), is derived.
energy levels we have now to include the spin-orbit interac-  Assuming|\|=|AE,|, and both smaller than the spacing

tion and the action of the molecular field of the®*Crost
ions on the spin of the &F impurity ion. For simplicity, we

of the excited energy levels, we can consider their effect in
perturbation theory. To first order the spin-orbit interaction

shall also neglect the Zeeman and the dipolar spin-spin indoes not remove the degeneracy of fhg state, which is

teractions.

1.T'5 lowest

The effect of the above-mentioned interactigite first
ordep on thel'; spin multiplet splits this state, with the new
eigenvalues

split by the exchange field into three levels separated by
AE, . In second order, we find the following eigenvalues for
theI';, spin multiplet(see Fig. 13

Eqj= (259

A b 2
Ex—5(3=83),
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34 cosine directionsy; of the magnetization with respect to the
[100], [010], and[001] axes of the crystal. For an applied
magnetic field in thg110) plane, we defing as the angle
between the direction of magnetization and {heQ] crystal
axis (#=0). Level crossing occurs along th#12] direction
[6=tan (1n2)] at sitey,, along the[110] direction(6=7/2)
at sitesy, and y3, and along the [11Rdirection at sitey,.
Using the ground-state energy in the fofsee Eq. 2()]

Eoi=—2A(1— 7|Bai)*? (30

Hpes (KO€)

pressions, according to theinterval: 0<#<tan 1A/72:

320001 | 2]  [uyl , [nol, il 121 [0} 0 Kwu F
0 20 80 120 160 Fi(T=0)=—as+ 7a§+ ?(a§—5a§a§a3)
© (Degree)
+ cubic anisotropy; (31

FIG. 15. Angular dependence bf.{6) for CdCrLSe, with 0.1
mole% Ag, ®=0.30 mm at 9.4 GHz and 4.2 K4 is the angle

tan {(1V2)<6<m/2 and w/2<6<m—tan Y(1N?2):
between the static magnetic field and 0] direction in the

(110 plane. The curve is a fitting including additional noncubic T=0 Ko
anisotropy components due to?Crimpurity ions (values in Og Fad )= (a1+a2_ a3)
(0l9)=32998.5; Ky/M)=—-6.2; (Ke/Mg=-3.8; (Ki/My)
=4.1; Ky/M)=71.4.
KoIM) + —(al-i- a3+ a3+ 3ajama3)
Eoi=—D(1+8%), (25h) K
+ _F( 5, 45+ 5)
D 2 (11 0[2_(13
E_1i=AE— 5(3-85), (250
+ a1a2a3( * a1a2+ a3+ CE1+ a2a3)
with + cubic anisotropy; (32
52 m—tan {(1NV2)< o<
9+645 )_4AT (26)

F4(T=0)=—F,(T=0)+cubic anisotropy, (33

we obtain the following zero-temperature free-energy ex-

V. CHROMIUM SINGLE-ION ANISOTROPY
IN CHALCOGENIDE SPINELS

In order to calculate the anisotropy due to the chromium

whereK is given by a power series in and has no effect
on the resonance field,

. . . o NA
ions let us determine their contribution to the free energy per Ky=——=7° (34)
unit volume: 12\/§
4
F(T=0 K)=E2 Eo; (27) Ke= NA s (35)
S " 2883

kT2 and the cubic anisotropy is given by
F(T)=-——2, Inz,, (28)
4 =1 Kcubic= K1(0)S+K3(0)P, (36)
E.i S=alas+ atai+ asad, 3
Zi:E ex kT"), (29) 12 13 243 ( 7)
“ P= a%a%a%, (38
whereE,; is the ground-state energl,, ; is the ath energy
level for a ion on an octahedral sitg N is the number of 5\/‘ 21\/‘
impurity chromium ions per cfyand a statistical distribution K.(0)= e — 36 (39
over the distincB sites is assumed.
7
A. Cr?* anisotropy K,(0)= 1—87]6N. (40

It is clear that Eq(20b) implies level crossing of the two
low-lying energy levels according to the sign@f; [see Fig.
12(b)]. Using values foA and 7(<0) which fit our data, this
effect is illustrated in Fig. 15, whergs; is related to the

On the other hand, using Eg&0), (28), and (29), and

temperatures:

dropping constant terms, we obtain the free energy at finite
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NKT< TS 1
F(T)=— =2 In{1+costi2y(1+7f5)*"] Fai(T)=Fau(T= 0>——§ [ p[ (AE ~3D45
+cosi2y(1— npBs;) "2+ cosl y(1+ 5B3;) "] 6D? , 135D3B ”
TAE P3iT 2P3i
+cost y(1— 784"}, (41) ABCT 16AE,
where y=A/KT. For KT<A, F(T) is given by the zero- +ex;{—i(2AE —3Dp3,
temperature expressions plus logarithmigemperature- k X '

dependent corrections. Therefore, fokT<A, including

2 3
T=0, the free energy has noncubic components proportional + 3D 4_ 13D 233 ”
to the cubic and fifth power of the magnetization compo- 4AE,”®  16AEL
nents. ForkT>A, however, the cubic symmetry is recov- 2
ered: fexd - | 3AE,~ 2 B4 (51)
kT 4AE 8i
F(T)=Ky(T)S+Kx(T)P, (42)
For kT>D, the exponential terms can be expressed in
where power series. Dropping constant terms we obtain the follow-
ing free energy:
e
! 9lq/ 27\q/ 81lq/ 2439/ ) Fa(T)=K;S+K,P, (52)
(43
where
KT = NkT[l6(r)3 64(r)4+ 162(r>5} ”
oAM= 27\ q 81l q 243 q 44 KT NkT(16 16 32 \ -
(T == 7 gxat gxet 57xs N, (53
17 45)
= _7’ 77 )
8 KT NKkT/ 64 1024
2oT)==—7| gxet+ g7 xs|N (54)
17
q=5+5y*+ §y4. (46)
_ 3D* [9F-TC 9 D\? AB -
Xa=~ g TAE, A+e | Okt (a2 9
B. Cr3* anisotropy
Using Egs. (238 and dropping constant terms, the 3 _ 38
ground-state energy for this ion on sitenay be written as Xo=— 13D [A-B| g R _A B
6 3XTAE2\A+B/ 4\kT/ \A+B
3D 9D? 9D3
Eo,iEEs/z,i:( 2 " 4AE, 4AE2 B i 9D (9FB+7CA (56)
X 4AE(kT)2l A+B )’
+( 21D? 117D3)ﬁ4 135D3B @
QAAE  GAAEZ 3' 2 3i-
From Eq.(27) the free-energy contribution @=0 K is thus XeT 7 16kT)Y 8 |A+B] " 4lA+B
obtained L 9D*  [138+171B 1 9|:—7c)2
2 2 by
F.(T=0 K)=K,S+K,P, (48) 64(kT)*(AE,)? A+B 2| A+B
A-B)\? D*  [-250C+33%F
where —45 T
A+B 64kT)°AE, A+B
7D?> 5D3
—0)— 81/9FA+7CB\/A—B
Kl(T—O)—<—+ —2)N (49 2
6AE, 2AE2 *8\"ars J\ArB 67
KZ(T=O)=1—32N. (50) A 3AE, B AE, -
2AEZ =cosh 5, 5|, B=cosho </, (58)
ForT#0, using Eqs(23) and Eqs(28) and(29), the free
energy fork T<D reduces to the value &@=0 K plus ex- C=sin 3AE, F=sin AE, (59)
ponential corrections in the form 2kT )’ 2kT)"
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C. Cr** anisotropy

For this ion we have to consider two cases according to

the sign of the trigonal-field splitting.

1.T'3 lowest A1>0)

It is clear from the Eqs(24) that the ground-state energy
for this ion on sitei is

Eoj = —AX\1+y°+2v|Bsil. (60)

By defining A=(Ax/2)\1+ y? and 7=2y/(1++?), we ob-
serve that the above expression is similar to Qb) for the

J. M. FERREIRA AND M.
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NkT D? q(g?>-7)
Ka(T)=- 241Tl<kT>4<1—q>4}’ (69
1 AE,
gq= secPE kT) (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-

ground-state energy of the €rion. The free-energy contri- sociated with the &, cr*t, and Cf' ions present in the
bution atT=0 K is therefore identical to that previously spinel chalcogenides. The more relevant results of the calcu-
obtained for the Gf ions. lations can be summarized as follows#). crossovers of the
For T#0 K the free-energy contributions have been de-two low-lying energy levels of the &f ions occur in the
rived using Eqs(24) and(28) and(29). Dropping constants [112] direction at sitey;, in the [110] direction at sitesy,

terms, we have

4
21 In[1+ coshr(1+ 5Bs;)

Fai(T)=

+coshr(1—7B3)],

where 7= (Ax/KT) V1+ 2.

For kT<Ax+/1+ 72 this contribution reduces to the value
atT=0 K, plus exponential corrections, as for theé Cions
(KT<A). For kT>\x\/1+ »?, similar expressions are also
obtained as for the & ions (kT>A), with the parameters
in Egs.(45) and(46) defined by

(61)

4

1
r=-7*97> and q=3+ 7+ g (62)

8

2.T'5 lowest with|A\|~|AE,|

and y;, and in the [112 direction at sitey, [see Fig. 1&)].
On the other hand, near crossings occur in 1] direction
at the four lattice sites for both the €rand Cf* (A;<0)
ions[Figs. 12b) and 14b)]. Near crossings of the two low-
lying energy levels of the ¢f (A;<0) ions occur also in
the [117]] direction at sitey;, and in directiorf111] at sitevy,
[Fig. 14b)]. (ii) As a result of the doublet orbital ground
state of the G ions and the level crossings, we find that a
symmetry breaking of the anisotropy from cubic, at high
temperatures, to noncubic at low temperatures ocdiirs.
The CP" ions produce a small cubic anisotrops; ,K,>0,
which play a significant role only in the almost perfect sto-
ichiometric sample(iv) The single-ion contribution of the
Cr*" ions to the anisotropy is also cubic. Fbvy>0, we find
that K;>0, K,<0, and K3>0, whereas forA;<O0,
K;,K,<0 andK;>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 res(il} above, is the asym-

At T=0 K the four inequivalent site contributions add to metry of the resonance field .{#) about the[110] direc-

a constant value. On the other hand, using E2f5. and(28)

and (29) and dropping constant terms, we obtain the freetem.

energy at finite temperatures:

F(T)= ——2 In(1+X;). (63)

where

(64)

1 AE, D
Xi= >Sech 1 —Jex 2kT(3’83' 1)|.

ForkT>3D/2 [see Eq(26)], In(1+X;) and the exponential

tion, a “signature” of the presence of € ions in the sys-

In Fig. 15 we report FMR data for the angular
dependence of thid .{ 6) of single crystals of CdGBg, with

0.1 mole% Ag aff =4.2 K, where this effect is seen. For this
sample of relatively low conductivitysee Fig. 6 only the
uniform mode is excited and thus a good fitting of the data is
obtained using Kittel's condition, Eq1), including also ap-
propriated effective anisotropic demagnetizing factors
through Eqs(9)—(10). Regardless the Ag doping, the contri-
bution of CF" ions is sizable, probably due to the large
amount of Se defects. The asymmetry of thg{6) about
the [110] direction has been obsenfedl in several FMR
studies of both CdGBe, and CdCsS,, but either ignored or

terms can be expressed in power series. Dropping constafftributed to a small deviation from sample sphericity. How-

terms, a cubic symmetry is recovered:

F(T)=K(T)S+K,(T)P+K3S?, (65
_NKkT[ D* ¢
=" e ©9
D° q(a+1)}
=N G —a €7

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 calculatél {0 from Egs.(7) and(9). We have used
the T=0 expressions for the free energy, E431)—(33),
since at 4.2 K the logarithmic corrections are negligible.

It is clear that the asymmetry of thé,J 6) is justified by
the presence of Ef ions, in agreement with the theoretical
results derived in Sec. V. Though we do not have a complete
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TABLE I. Experimental and theoretical estimates for the cubic anisotropy constants in 1.3 mole% Ag-
doped HgCsSe, for various temperature values.

K, (cm Yion) K, (cm™Yion) K (cm~Yion)

T (K) Expt. Theory Expt. Theory Expt. Theory
15 —2.68 —-1.26 —-10.57 —-2.31 5.27 0.87
30 -1.97 —2.06 —7.45 —-4.07 3.42 0.59
45 —1.58 —-1.95 —5.99 —2.97 2.88 0.40
60 -1.17 —-1.66 —-4.14 —-2.05 2.02 0.16
75 -0.82 —1.45 -3.03 —1.44 1.47 0.10
90 —0.60 -1.25 —-2.01 —1.04 0.99 0.06

110 —-0.22 —1.06 —-0.67 —-0.73 0.33 0.03

knowledge of the parameters involved, we can test the coriFhe fitting for the[111] direction was obtained using Egs.
sistency of the values of the anisotropy constants obtaine(®5) and assuming a statistical distribution over the distihct
from the fitting of the data in Fig. 15. Indedtl,, and K sites. From this fitting we obtained the additional parameter
were found to be negative, in accord with the Sfgof the  D=9.0 cmi’l. The difference of the exchange fieldsE,
cubic crystal-field splitting\. Also, K¢ is smaller tharKy, as may be accounted for by the distinct transition temperatures
predicted by Eqs(34) and (35). Taking® \=58 cm %, (u/  of the two compounds. However, the two order of magnitude
A)=(—1/10), and assuming a typical concentration of’10 gifference of the relaxation time@ast and slow from one

Cr*" ions per cr, we find AE,=70 cm ~, which is the  compound to another is a striking example of the complex
correct order of magnitude for the exchange energy since thganayior of impurity magnetic ions in spinel magnetic semi-
observed asymmetry persists in the entire ferromagnetic re&onductors.

gion. On the other hand, from the valueskof andK,, we TheH {6) curves for 1.3 mole%

. ; re . o Ag-doped HgCrSsee
conc.lude.thata_complete ex_plapatlon of the EUb'C cor‘r}aoner];ig_ 3 for temperatures in the entire ferromagnetic region
requires including the contributions from the*Crand C : o
ions are symmetrical about tHe 10] direction and therefore we

Y conclude also that no substantial amount of'Cions is

The simultaneous contributions of Cr ions of different va- . : " .
lences to the 0.1 mole% Ag-doped CgSe, anisotropy and present in this case. At all temperatures, the fittings predict
' K,,K,<0 andK;>0 and should accordingly be ascribed to

FMR relaxation forbid the possibility of a quantitative analy- _ _
sis of our results for thél,.. and AH maxima as shown in the presence of Cf ions (caseAr<0). The first three an-

Fig. 7. In spite of this, our results for the low-lying energy isotropy constants are in rea_sonable quantitativg agreement if
levels of the C¥* and Cf* ions suggest that the fast relax- We assume the concentration of #50°° Cr*" ions/cn?
ation mechanism due to €rions is responsible for thaH  (nominal concentration of Agand reliable values for the
maxima along th¢100] and[111] directions at low tempera- parameters of this ion in “as grown” Hgg3e, crystal ob-
tures. TheAH maxima along thg110] is probably associ- tained by the relaxation mechanism analygisE,=16.0
ated with a relaxation mechanism due to? Cions which cm *andD=9.0 cm%). The results are displayed in Table
shows level crossing along this direction. The two peaks of.
AH in the[100] direction at higher temperatures may be due Our results and discussion concerning the effect of mag-
to the slow relaxation of Gf ions or due to the valence netic impurity ions on the FMR linewidth and anisotropy
exchange mechanism of €kCr¥* or CP*-Cr**. complement those reported in Secs. Il and I, where we have
Since we find that theH {6) curves for “as grown” studied the dependence of the FMR line shape and linewidth
HgCrSe and 1.3 mole% Ag-doped Cdg3e, are symmetri- on the sample conductivity, as well as the temperature de-
cal about th¢110] direction, we conclude, in agreement with pendence of the linewidth on the two-magnon relaxation
result (i) above that there is no substantial amount cf'Cr mechanism. In particular, we have shown that while in the
ions in these samples. The fitting of these curves predictsample of low conductivity only the uniform mode is excited
K;<0, and should accordingljsee result(iv) abovgd be in a FMR experiment, in those having high enough conduc-
ascribed to the presence ofCrions. The presence of these tivity the resonance condition is associated with the excita-
ions shows up more conclusively in the temperature depertion of a spin-wave manifold in a regime where exchange
dence ofAH for 1.3 mole% Ag-doped CdGse, (Fig. 9, in  effects are irrelevant and characterized by a quite asymmetri-
which case a fast relaxation mechanism due t6"Gons is  cal FMR line shape.
responsible for the peak along th#00] direction at low In Secs. Il and IV crystal-field theory was used to calcu-
temperatures[see result (i)], with a relaxation time late the Cr ions low-lying energy levels and their effect on
75=3.3x10 135 and[using Egs(25)] an exchange field be- the magnetic anisotropy and FMR relaxation. We showed
tween these ions and the hostCions of AE,=16.7 cmi®.  that the orbital ground state of the®Crion is a doublet and
On the other hand, for “as grown” HgG8e, (Figs. 8 and causes a symmetry breaking of the anisotropy from cubic, at
10) a slow relaxation mechanism due to*Crions with  high temperatures, to noncubic at low temperatures. In this
AE,=16.0 cm! and 7,=1.8x10 ! s fits the data nicely. section we reported FMR data of a single crystal of
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CdCrSe, with 0.1 mole% Ag doped where this effect is electrical properties, as well as striking effects due to the
seen. Moreover, several relaxation mechanisms were identpresence of impurity magnetic ions in these compounds.
fied, which allowed the estimates of exchange fields and mi-
croscopic relaxation times of Cr ions in these crystals. ACKNOWLEDGMENTS
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