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We have studied the EPR in six wide-gap diluted magnetic semiconductors: Cdl „Mn„Te,
. Cdl „Mn Se, Cdl „Mn„S, Znl „Mn„Te, Znl „Mn„Se, and Znl Mn„S, all containing about 10
at. % Mn, in order to determine the extent to which the EPR of the magnetic ions depends on their
environment in these materials. The EPR linewidth and intensity as a function of temperature was
obtained by measuring Faraday rotation and ellipticity associated with the resonance, a technique
suitable for EPR studies when the resonance is very broad. It was found that, although the behavior
of the Mn + EPR is qualitatively the same in all the above materials, its intensity and linewidth
show a striking and systematic dependence on the nonmagnetic host lattice. Specifically, for a given
group-VI element (anion) the resonance becomes broader and weaker as the atomic number of the
group-II element (nonmagnetic cation) decreases; but, in contrast, for a given cation the resonance
becomes broader and weaker as the atomic number of the anion increases. This provides interesting
insights into the nature of the interaction between Mn + ions in diluted magnetic semiconductors.

I. INTRODUCTION

Diluted magnetic semiconductors (DMS) are semicon-
ducting alloys whose crystal lattice is made up in part of
substitutional magnetic ions. To a great extent, such ma-
terials studied so far are II-VI compounds, where a frac-
tion of the group-II ions has been replaced by Mn +, e.g. ,

Cd& „Mn„Te and Zn& „Mn„Se. Among many interest-
ing features, ' these materials display important magnetic
properties (e.g., spin-glass transition at low temperatures)
that are not yet fully understood.

One important magnetic property persistently occurring
in all DMS is a very pronounced increase of the EPR
linewidth observed with decreasing temperature and/or
increasing Mn concentration. ' Although the microscop-
ic details of this low-temperature broadening have not yet
been theoretically formulated, it is clear that this
linewidth behavior must depend intimately on the physics
of the inter-Mn interaction. Systematic studies of the
EPR in tliese materials should therefore contribute signi-
ficantly to the understanding of the mechanisms underly-
ing the magnetic properties of DMS in general.

The purpose of this paper is to present experimental
evidence that, for a given Mn concentration and tempera-
ture, the EPR linewidth and intensity in DMS depend
strongly on the host lattice, which in turn suggests that
the Mn-Mn interaction depends strongly on the nonmag-
netic environment. The correlations observed between the
EPR linewidth and the properties of the nonmagnetic host

atoms offer several insights into the factors governing this
Mn-Mn interaction.

II. EXPERIMENT

The measurements were carried out on six members of
the (II-VI), „(Mn-VI)„ family of DMS: Zn& „Mn„S,
Zn~ „Mn„Se, Zn~ Mn Te, Cd& Mn„S, Cd& Mn„Se,
and Cd~ „Mn Te, all with x=O. l. The samples were
prepared either by Bridgman growth or by sintering. The
materials have either the zinc-blende or the wurtzite struc-
ture. The nominal Mn concentrations, methods of
preparation, and crystal structures of the samples are list-
ed in Table I. All compounds in the present investigation
are wide-gap semiconductors (Es & 1.6 eV). We have pur-
posely not included in this study the narrow-gap, Hg-
based DMS (e.g., HgI „Mn„Te, Es-0. 1 at x=0.1) to
avoid, complications in the interpretation of EPR due to
the presence of free carriers.

The dynamic magnetic susceptibility associated with
EPR has been investigated at 35 CxHz by measuring the
microwave Faraday effect (rotation and ellipticity) due to
EPR. This transmission technique, described elsewhere in
detail, ' has been developed to circumvent the difficulties
in EPR measurements arising from the extremely broad
resonance lines, which occur in DMS at low temperatures.
Briefly, the experimental arrangement is basically a mi-
crowave analog of an optical transmission apparatus for
studying Faraday rotation. The waves travel in a cylindri-
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TABLE I. Key properties of DMS samples studied.

Material

Cd~ „Mn„Te
Cd~ „Mn„Se
Cd~ „Mn„S

Zn~ „Mn„Te
Zn~ „Mn„Se
Zn~ „Mn„S

Nominal

0.10
0.085
0.10
0.10
0.10
0.12

Crystal
structure

zinc blende
wurtzite
wurtzite

zinc blende
zinc blende

wurtzite

NN cation
separation

. 4.57 A
4.28 A
4.12 A
4.33 A
4.02 A
3.84 A

Preparation

Bridgman
8ndgman
8ridgman
Bridgman
sintering
sintering

cal waveguide, axially along the bore of a superconducting
solenoid. The samples are located at the center of the
magnet and are in powder form, filling completely the
cross section of the guide, typically to a thickness of 3 to
5 mm. The waves incident on the sample are linearly po-
larized. The waveguide is terminated by a linear polarizer
and detector, which together act as the analyzer. The an-
gle between the analyzer and the incident plane of polari-
zation can be varied by means of a rotating joint. The
technique is capable of measuring angles smaller than 1'
of arc, and Faraday ellipticities (ratio of minor-to-major
axes of the transmitted elliptically polarized wave pattern)
down to about 10

As described earlier, ' the Faraday rotation OF and el-
lipticity eF provide a measure of the real and the imagi-
nary part of the dynamic magnetic susceptibility

ep ——4 Im(X —X+ ) = ——,
' ImX+, (2)

d,rr =M/(DA ), (4)

where M is the total mass of the powder, D is the density
of the sample, and A is the cross-sectional area of the

where co is the angular frequency, d is the sample thick-
ness, c is the speed of light, ~ is the lattice dielectric con-
stant of the DMS crystal, and X+ and X are the dynamic
magnetic susceptibilities corresponding to the two senses
of circular polarization about the dc magnetic field B. In
terms of the Bloch model, 7+ have the familiar form

ci)1 (cD+cor )T22 COI T2
X+——+Xo 2 +iXO

2 2, (3)
1+(Co+Col ) T2 1+(CD+Col ) T2

where Xo is the dc magnetic susceptibility, T2 is the spin-
spin relaxation time, and coL ——ge8/2m is the Larmor fre-
quency, g being the g factor of the Mn + ions. In the
above, 7+ corresponds to the EPR-active polarization.
When coT2 ~ 1, X+ &~X . Under these conditions the fi-
nal forms of Eqs. (1) and (2) become valid, so that 8~ and
eF are seen to provide a direct measure of the real and
imaginary parts of the EPR-active dynamic magnetic sus-
ceptibilities, respectively.

Since all materials investigated are wide-gap semicon-
ductors, free-carrier contributions to the Faraday effect
need not be considered. Finally, since the samples used in
this investigation are in powder form, we define an effec-
ti Ue thickness

cylindrical waveguide. This quantity corresponds to the
thickness which the same amount of material would have
if it were a solid slab filling the waveguide. Although not
important for line-shape considerations, this standardiza-
tion of sample thickness is necessary to permit compar-
ison between EPR intensities observed on different powder
samples.

III. RESULTS AND DISCUSSION

Figure 1 shows the Faraday rotation and ellipticity ob-
served at 4.2 K for four of the compounds studied. The
values measured were normalized to 1-cm effective thick-
ness to permit comparison between samples. Note that
the magnitudes of the Faraday rotation (which provide
the measure of ReX+) and the Faraday ellipticity (which
measures ImX+) are much larger for the sulfides than for
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FICi. 1. Microwave Faraday rotation 8+ and Faraday ellipti-
city ez in DMS powders near EPR, obtained at 35 GHz and 4.2
K for four DMS with approximately 10 at. % Mn. The data are
normalized to unit effective thickness to permit quantitative
comparison between different samples. The full width at half-
height for the eF data is indicated by a horizontal line and is
nearly identical to the peak-to-peak separation in the 8+ data.
Note that Cd-based DMS show stronger and narrower EPR
than their Zn-based counterparts.
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FIG. 2. Microwave Faraday rotation L9+ and elHpticity e~ at

35 GHz and 4.2 K, showing EPR in six DMS compounds with
approximately 10 at. % Mn (see Table I). The values of OF and
e~ are normalized to unit effective thickness (ddt ——1 cm) to per-
mit comparison between samples. The full width at half-height
is indicated by a horizontal line in the e~ curves. Note the pro-
gression of integrated intensities and linewidths with the size of
the anion. Note also that the Cd~ „Mn„Se data are for
x =0.085. For x =0.10 the line would be about 20% wider
(Ref. 3).

the tellurides. Also note that, for a given chalcogen, the
Cd compounds give a stronger signal than the Zn com-
pounds. The selenides (not shown in this figure, to avoid
crowding) lie between the S and Te compounds, with
CdMnSe again showing a stronger and narrower reso-
nance than the ZnMnSe. To facilitate comparison of res-
onance widths, a horizontal bar is drawn across each ellip-
ticity curve at half-height, indicating full width at half
height (FWHH). As can be seen at a glance, the stronger
resonances are also narrower, without conserving the area
under the curve, i.e., the narrower the resonance, the
larger the integrated resonance intensity.

To better display the relative dependence of the EPR
intensity and linewidth on the chalcogen, we have also
displayed the data for the Zn and Cd compounds
separately in Fig. 2. Again the trend is very clear: For
the same Mn concentration, the sulfides manifest the
greatest integrated intensities and narrowest lines, with
tellurides at the other extreme and selenides in between.
An apparent exception in Fig. 2 is the linewidth of
Cd~ „Mn„Se, which is approximately the same as that
for Cd& „Mn„S. Note, however, that the Cdi „Mn„Se
available for this investigation had x=0.085, less than
the sulfide (see Table I). A sample with x=0. 1 would
display a broader line, thus preserving the same linewidth
sequence as seen in the Zn-based DMS.

The study of EPR as a function of temperature in these
six DMS compounds indicates that, while the resonance

narrows as the temperature increases, the relative behavior
of the. resonance intensity and linewidth, illustrated in
Figs. 1 and 2 for 4.2 K, persists over the entire range
covered in this investigation (2& T & 100 K). The varia-
tion of the linewidth with temperature for the six com-
pounds is shown in Fig. 3. Again we remark that the
Cd& ~Mn„Se data correspond to x=0.085. For x=0. 1

the corresponding curve in Fig. 3 would be shifted up-
ward relative to the Cd~ „Mn„S results.

Before proceeding to the implications of the data
presented above, it is important to recall two pertinent
features already established in earlier experiments on
DMS. In previous EPR studies it has been found that, at
any one temperature and for a given host lattice, the EPR
linewidth in DMS becomes broader as the Mn concentra-
tion increases. Although the specific nature of the mecha-
nism which leads to this broadening has not yet been iden-
tified, clearly the broadening is caused by some interac-
tion between the Mn + ions which increases as the system
of Mn + ions becomes more dense. We also know from
earlier magnetization measurements that, as the Mn con-
centration is increased in DMS, the magnetic moment per
Mni+ ion decreases due to antiferromagnetic interaction
(such as pairing) between the Mn + ions. Thus, with in-
creasing Mn concentration (or, equivalently, with increas-
ing overlap between the Mn + wave functions), the contri-
bution per ion to Xo—and thus to the integrated EPR
intensity —would be expected to decrease at any one tern-
perature.

In the case of the present data we have already noted
that, when the EPR for any two samples is compared, the
narrower line systematically corresponds to a larger in-
tegrated intensity (area under ez, which in turn is propor-

. tional to Xo), as can be seen at a glance by comparing, e.g.,
the data for the Zn compounds in Fig. 2. On the basis of
the preceding comments we know that the line will
broaden, and Xo will decrease, with increasing degree of
Mn-Mn interaction. We can therefore conclude that, for
a given anion (S, Se, or Te), the inter-ion interaction is
systematically weaker in the Cd compounds than in the
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FIG. 3. Temperature dependence of the EPR fuH width at
half-height (in tesla) for Cd-based and Zn-based DMS (shown
separately for clarity). The Cd~ „Mn„Se data correspond to
x =0.085. For x =0.10 the Cdl „Mn„Se would be somewhat
(approximately 15—20%%uo) higher.
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Zn compounds (i.e., the interaction decreases with increas-
ing atomic number of the cation). And, for a given cation
(Cd or Zn), the strength of the interaction decreases with
decreasing atomic number of the anion.

It is tempting to interpret the observed difference be-
tween the Cd and Zn compounds simply in terms of the
lattice parameters. In Table I we have listed the nearest-
neighbor (NN) separation in the respective fcc and hcp
sublattice (i.e., the closest possible separation for a pair of
Mn ions in the zinc-blende and wurtzite structures). This
parameter (corresponding to a/V2 for zinc-blende struc-
tures and to the lattice parameter "a" in wurtzite struc-
tures) is obtained by interpolation between the value for
the nonmagnetic II-VI crystal (e.g., CdSe) and that for the
corresponding Mn-VI compound (in this case, the wurt-
zite phase of MnSe). ' We thus note from Table I that,
for any anion, the NN separation in the cation sublattice
is always smaller for the Zn compounds than for Cd, sug-
gesting a larger overlap —and thus a stronger
interaction —in the former group of compounds. Similar
arguments have already been invoked in comparing the
magnetic phase diagrams of Zn- and Cd-based DMS with
higher Mn concentration, the spin-glass temperatures be-
ing consistently higher in the Zn compounds, indicating
that the Mn-Mn interaction increases with decreasing
Mn-Mn separation. '"

We see, however, that the case is altogether different
when we compare the EPR results for different anions,
keeping the cation the same: the resonances are broader
and weaker —and thus the Mn-Mn interaction is
greater —for the heavier anions, even though the NN
separation also increases with the anion atomic number,
as shown in the table. We are therefore forced to con-
clude that the nature of the anion itself is important in
determining the degree of Mn-Mn interaction. It is thus
tempting to suggest that the anion plays a major role in
mediating the Mn-Mn interaction in DMS.

It must be pointed out that in the argument used above

we have been making comparisons between all the DMS
compounds investigated, without regard to whether they
form zinc-blende or wurtzite crystals. This is perfectly
valid in the context involving short-range interactions. In
both the zinc-blende and the wurtzite environment, a
given cation (or anion) has the same number of nearest
neighbors in its respective fcc or hcp sublattice, and each
cation (e.g., each Mn +) is surrounded by a chalcogen
tetrad which is identical in both structures. The impor-
tant parameters determining the Mn-Mn interaction
therefore must be the nearest-neighbor distance and the
type of ion surrounding the Mn + sites. In this respect
both crystal structures can be regarded as identical, per-
mitting direct comparison between zinc-blende and wurt-
zite compounds.

Thus the results reported in this paper, although quali-
tative, strongly suggest that —for a given anion —the de-
gree of Mn-Mn interaction decreases with increasing lat-
tice parameter, i.e., with the physical separation between
the Mn ions, as should perhaps be expected. On the other
hand, . these results also indicate that the interaction in-
creases with increasing size of the intervening anions be-
tween the Mn neighbors (i.e., it is much stronger in tellu-
rides than in sulfides). Although these qualitative con-
clusions appear plausible, it would be important to extend
these studies systematically to a wider range of composi-
tions of DMS—including Hg compounds —in order to ob-
tain a deeper understanding of the Mn-Mn interaction in
DMS, and hopefully to put this understanding on a quan-
titative footing.
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