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Magnetic resonances have been studied in Cd,;_,Mn,Te for 0.002=<x <0.1 by means of far-
infrared magnetotransmission at fields up to B =22 T. EPR of the Mn?* ions is observed, accom-
panied by many orientation-dependent satellite resonances. These satellites are explained in terms
of excitations of exchange-coupled Mn”* pairs, and the presence of anisotropic exchange is strongly
suggested. At x >20.02 a very strong magnetic-field-induced line broadening is observed for B > 10
T. This broadening is explained in terms of a cross-correlation mechanism using exchange-coupled

clusters as fast-relaxation centers.

I. INTRODUCTION

The low-temperature magnetic properties of the dilute
magnetic semiconductor (DMS) Cd;_,Mn,Te have re-
cently been the subject of various experimental and
theoretical investigations.! > This wide-gap semiconduc-
tor is very well suited for the study of the whole variety
of magnetic interactions as a function of Mn concentra-
tion. Up to approximately 70% of cadmium can be re-
placed by Mn ions while still preserving the fcc-
zincblende lattice structure of CdTe. For very small con-
centrations (x <0.0001) the magnetic ions are well
separated in the nonmagnetic host lattice and EPR of sin-
gle Mn?" spins is observed.'* For higher concentrations
(0.005 < x <0.02), interactions between neighboring spins
become important. Dipolar interaction broadens the
EPR spectrum, and exchange pairs of nearest neighbors
(NN) are formed. The spin-glass-like phase has been re-
ported’ at low temperatures for x >0.2. At concentra-
tions x >0.6 the crystal becomes antiferromagnetically
ordered,® but it has been shown in several experiments
that already at x > 0.2 short-range antiferromagnetic or-
dering is present.”

The origin of magnetic interactions between Mn?* ions
in wide-gap DMS has been recently studied both theoreti-
cally and experimentally. The localized character of 3D
orbitals of manganese in these compounds and the ab-
sence of free carriers at low temperatures exclude long-
range correlations of spins based either on the
Ruderman-Kittel-Kasauya-Yosida (RKKY) mechanism
or itinerant band interactions. While we still lack a de-
tailed microscopic picture of the magnetic interaction, it
is generally accepted that the basic mechanism is a
superexchange-type antiferromagnetic correlation be-
tween the NN pairs of spins in the cation sublattice.” '
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Also, next-nearest-neighbor (NNN) antiferromagnetic in-
teractions, although about an order of magnitude weaker
than NN exchange, seen to play an important role.”~!2
EPR techniques have been extensively used'>~!® to study
the spin dynamics of paramagnetic DMS. However these
studies have mostly been limited to the region of low
fields (B <1 T), where the external field was relatively
weak compared to the internal exchange and dipole
fields. On the other hand, magnetization measurements
performed at fields up to 30 T indicated that in DMS, at
these large fields, several different physical phenomena
take place.!®?

In this paper we present the results of studies of mag-
netic interactions in Cd; _, Mn, Te at high magnetic fields
by means of high-field EPR spectroscopy. In these exper-
iments, at far-infrared energies, low temperatures, and
very high magnetic fields, EPR conditions are fundamen-
tally different from those encountered in standard mi-
crowave spectrometers because of the fact that the
thermal energy kT is considerably smaller than the elec-
tronic Zeeman energy splitting guB. This means that
only the lowest spin levels are populated and almost all
spins are aligned along the external magnetic field. This
external field may also be stronger than the internal di-
pole and exchange fields. Additionally, compared to
low-frequency experiments, high-field EPR offers higher
sensitivity,”> which allows working with a simple
transmission setup that, contrary to the microwave cavity
technique, can be used over a broad frequency range.

A considerable experimental drawback in EPR at mi-
crowave energies is the presence of a significant linewidth
increase upon temperature decrease or concentration in-
crease,'* 1”18 which easily results in an experimental situ-
ation in which the broadening exceeds the resonance en-
ergy. This effect is still aggravated by the recently ob-
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served shift of the resonance energy to lower magnetic
fields for high concentrations.®'*'® Most EPR experi-
ments done at microwave energies are therefore limited
to either high temperatures or to low concentrations.
The use of higher excitation energies (far-infrared) and
consequently high-magnetic fields can overcome these
drawbacks. Therefore in an earlier work® low-
temperature EPR magnetotransmission experiments on
high-concentration Cd;_,Mn, Te were reported in the
far-infrared region of the spectrum in high magnetic
fields (up to 22 T). Very broad resonances (linewidths up
to 10 T) were observed having a finite zero magnetic field
energy and evolving with field as a g=2 resonance.
These resonances have been explained in terms of single
magnon excitation. In this paper we would like to extend
these experiments to low-concentration Cd,_,Mn,Te, in
which mostly single-spin EPR is observed, accompanied
by small resonances coming from the excitation of
nearest-neighbor exchange pairs. For Mn concentrations
exceeding a few percent a dramatic magnetic-field-
induced broadening of the EPR resonance line is also ob-
served at fields above 10 T.

Already at low magnetic fields and relatively low Mn?*
concentrations (0.002 <x <0.05), the EPR spectrum of
Cd,_,Mn, Te,2"?? as well as of analogous compounds,?’
contains besides the single Mn ion EPR contributions of
exchange coupled NN and NNN pairs. Since these NN
pairs are normally not excited at very low temperatures,
because their ground state is the S =0 nonmagnetic sing-
let, one has to increase the temperature to populate
higher spin states in order to observe the pair spectra.
From the relative intensities of corresponding transitions
one can then infer the magnitude of an exchange integral.
Such a procedure has been excellently demonstrated for
MgO:Mn and CaO:Mn by Harris.?* On the other hand,
as will be described later on, at fields at which the elec-
tronic Zeeman splitting becomes larger than the ex-
change energy J, a level crossing occurs'®!®?* and the
ground state becomes the S=1, m = —1 state of the trip-
let. This triplet state has a magnetic moment, and hence
can be excited optically even at arbitrary low tempera-
ture. Therefore only at high-magnetic fields the pair
magnetic transitions can be directly excited in such an
EPR experiment. The level crossings at high fields, caus-
ing the change of the pair ground state from nonmagnetic
to magnetic, have recently been observed'®?* as steps in
the sample magnetization at corresponding magnetic
fields. In this paper we will show that at high fields the
exchange pairs can be excited optically at low tempera-
tures, and that their manifestation in the EPR spectra
suggests the presence of anisotropic exchange.

II. EXPERIMENTAL

The single crystals of Cd;_,Mn,Te with
0.002=<x <0.1 were grown by a modified Bridgeman
technique at the Institute of Physics in Warsaw. The
samples were cleaved along the (110) plane and polished
in the form of slightly wedged disks of a few millimeters
diameter and thickness between 0.4 and 4 mm.

Magneto-transmission measurements were made in the

Faraday configuration at liquid-helium temperature, and
for some samples also at temperatures up to 40 K. At
fixed far-infrared frequencies, ranging in energy from one
to a few meV, the transmission was monitored as a func-
tion of the magnetic field. The far-infrared (fir) radiation
was generated by an optically pumped fir molecular gas
laser. A standard lightpipe system was used to focus the
radiation onto the sample. A liquid-helium-cooled car-
bon bolometer was used as a detector. To compensate for
fluctuations in laser power during a magnetic field sweep,
a similar detector was placed above the sample and both
detector signals were divided after phase-sensitive detec-
tion in order to obtain the effective transmission of the
sample. Superconducting coils (up to 13 T), and resistive
Bitter magnets (up to 22 T) were used to generate mag-
netic fields. Special care was taken to avoid internal Fa-
bry Perot interferences in the samples and standing wave
phenomena in the lightpipes between laser, sample, and
detector. Such phenomena are ubiquitous in far-infrared
experiments, and in order to verify that the fine details of
transmission spectra did not come from the experimental
artifacts, the measurements have been repeated for varied
sample shapes: from slightly wedged polished disks to
roughly cut pieces. All measurements, also done at
different arrangements of the laser-lightpipe system,
reproduced the same spectral features. For the orienta-
tion dependent measurements the samples were aligned
using an x-ray von Laue camera.

The aforementioned sensitivity of our measuring
method is apparent in the transmission spectra. At the
EPR resonance, the sample transmission drops even for
thin low-concentration samples almost to the theoretical
value of 50%, which is caused by a 100% absorption of
the optically active circularly polarized component of the
originally unpolarized fir radiation. Therefore, care must
be taken to have sufficiently thin samples for linewidth
determination in order not to saturate the resonance and
consequently distort the line shape.

III. RESULTS

Figure 1 shows the low-temperature EPR spectra of
samples with different Mn?* concentration measured at
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FIG. 1. The far-infrared transmission of several far-infrared
frequencies for samples having different Mn2" concentrations.



41 HIGH-MAGNETIC-FIELD EPR IN Cd,_,Mn,Te

453

4450 G
—_—

r=428.6 GHz

TRANSMISSION (ARB. UNITS)

Cd"-x Mnx Te
x:0.05

T=42K

Cdi.x Mn,Te
x=0.1

v=428.6 GHz

r=5254 GHz

B(T)

FIG. 2. The far-infrared transmission of a x=0.05 Cd,_,Mn, Te sample showing the strong linewidth increase with field. In the

inset two high-field spectra for a x=0.1 sample are shown.

245, 428.6, and 525.4 GHz. For all spectra the g factors
corresponding to the main absorption peak equal
2.00910.003 (the accuracy is limited by the magnet cali-
bration). At these low temperatures the resonance spec-
trum should consist of six closely spaced lines (=50 G) as
a result of hyperfine interaction. Due to the limited reso-
lution of our experiment, we would expect a single line of
roughly 400 G linewidth, additionally broadened by the
nuclear Zeeman effect (60 at 20 T). The full half power
linewidth of the x=0.002 spectrum is, however, 600+ 100
G. A similar broadening, which is only present at fields
in excess of 5 T, has already been seen in much lower-
concentration samples.?>2% The reason of this broaden-
ing is unclear at present since the low manganese concen-
tration seems to rule out all mechanisms concerning di-
polar broadening?”?® as possible causes. However, we
can exclude line saturation noticing that the line shape
remains unchanged over 2.5 orders of magnitude varia-
tions of laser power, and because the line shape was not
dependent on sample thicknesses between a few mm and
200 pm. The linewidths for slightly higher concentra-
tions (x=0.01 and 0.02) are bigger although for the fields
below 10 T their values are in agreement with the low-
frequency results. However, for the samples with
x 20.02 we observe very strong broadening induced by
the magnetic field. This effect is already noticeable in the
x=0.02 sample above 10 T, and becomes more important
in samples containing more manganese. Therefore, in
Fig. 2, EPR spectra of a sample with x=0.05 are shown.
In the inset of this figure two high-field EPR spectra of
an x=0.1 sample are plotted to demonstrate the dramatic
increase in linewidth with increasing concentration. To
better display this effect, the linewidths as a function of

field are shown for different Mn?* concentrations in Fig.
3. The low-field values between brackets are values from
other experiments.>!® These linewidths are defined by
the transmission change of 50% compared to the
transmission minimum. No attempts have been made to
fit resonance lines by Lorentzian or Gaussian shapes be-
cause at high-fields standard descriptions of the EPR
linewidths based on the second- and fourth-moment?”?°
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FIG. 3. The line width vs magnetic field as a function of
Mn?* concentration. The low-field values in brackets for the
x=0.1 sample are literature values from other experiments.
The dotted lines only serve as a guide to the eye.
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FIG. 4. The EPR spectra of the x=0.002 and x=0.02 sam-
ples for v=245 GHz for several temperatures.

analysis cease to be valid when®® guB >k, T. Indeed as
will be shown further on, the aforementioned extremely
strong EPR line broadening at very high fields cannot be
explained in the conventional way.

The salient feature of the spectra in Fig. 1 is the pres-
ence of many small satellite resonances around the main
EPR peak. The position of these peaks relative to the
main resonance seems to be rather independent on excita-
tion energy although their relative strengths do depend
on this energy.

To verify the temperature dependence, two samples of
EPR spectra at 245 GHz were also recorded as a function
of temperature and depicted in Fig. 4. It is clearly seen
that the satellite line structure disappears at higher tem-
peratures. The angular dependence of these satellites is
shown in Fig. 5. In this figure a few spectra are shown of
the x=0.002 sample at carefully oriented positions with
respect to the magnetic field (the (110) respectively
(100) crystal planes are oriented perpendicular to B).
Although no orientation dependence on the position of
the main EPR could be detected within the attainable ac-
curacy of the experiment, indicating that the g factor
must be highly isotropic, the positions of satellite lines
strongly varies with the orientation. In Fig. 5(c) high-
field spectra are shown for different sample geometries:
respectively, a very thick (4 mm), (110)-oriented single-
crystal sample, and a compressed powder sample of the
same thickness. The latter has no specific crystal orienta-
tion and shows only the main EPR resonance. The thick
oriented sample shows in comparison with Fig. 5(b) the
effect of sample thickness on the strength of the satellite
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FIG. 5. The EPR spectra of the x=0.002 sample at several frequencies for the magnetic field oriented perpendicularly to respec-
tively the (110) and the (100) crystal plane. (a) and (b) sample thickness 1 mm, and (c) sample thickness 4 mm and a 4-mm

compressed powder sample.



lines relative to the main EPR line. Both these effects
will be discussed more fully later on.

IV. DISCUSSION

The most apparent features of the high-field EPR spec-
tra as shown in the previous section, e.g., the satellite
lines and the strong broadening with field, are not ob-
served at low-field EPR at low temperatures. As will be
argued hereafter, these features can be attributed to the
presence of exchange coupled spin pairs. The fundamen-
tal difference between high-field and low-field EPR is that
at low fields and low temperatures all pairs reside in a
nonmagnetic ground state and hence cannot be excited in
an EPR experiment. Only at sufficiently high fields the
ground state becomes a magnetic moment and contrib-
utes to the EPR spectra. We will now discuss how pair
excitation can introduce satellite resonances around the
main EPR line, as well as broadening at high fields.
Moreover, it will be suggested that the presence of pair
excitations at energies slightly different from the main
EPR (e.g., satellite resonances) indicates the presence of
anisotropic exchange.

Exchange pairs in DMS have already been observed by
several groups in magnetization measurements,'®!%2* in
EPR,?!' and, more recently, in Raman scattering experi-
ments.?? From these experiments it is found that the con-
centration of pairs corresponds to their statistical distri-
bution. Accordingly, the satellite resonances are EPR of
NN exchange-coupled spin pairs. The energies of these
transitions depend on an external field in the usual way,
however, they slightly deviate from a g=2 single spin res-
onance due to the presence of anisotropic exchange. The
importance of such an anisotropic exchange for EPR
analysis in Cd,_ ,Mn,Te has already been postulated by
Ishikawa!? in 1966, and can also be assumed per analogi-
am with results of Harris?® for MgO:Mn. Moreover, in
their recent analysis of EPR line shapes in Cd,_,Mn,Te,
Samarth and Furdyna'® suggested the Dzialoszynski-
Moryia (DM) -type spin-spin interaction to be responsible
for anisotropic exchange and their results have been
quantitatively confirmed by calculations of Larson and
Ehrenreich.3! In this section we shall first discuss the
pair spectra at high magnetic fields assuming anisotropic
exchange, and then the influence of exchange pairs on the
EPR lineshapes at high fields.

A. Pair spectra

In general, the spectrum of a Mn-Mn nearest-neighbor
pair will consist because of hyperfine interactions of
many lines with complicated angular dependence. A full
analysis of such a spectrum would require a measurement
accuracy, which is at present beyond the experimental
possibilities of the high-magnetic-field setup. Therefore,
by necessity, we have to limit our analysis to the most
general features of a pair spectrum. Already at a concen-
tration x=0.002, approximately 2% of the Mn?" ions in
Cd,_,Mn, Te form pairs. Such a pair can be described in
terms of two electronic spins S =3 according to the fol-

lowing spin Hamiltonian:33%33
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2
H=guB-(S,+8,)+JS,-S,+D, 3 [SZ—18,(S;+1)]

i=1

2
+E, 3 (S3—5S2)+D,(35,,5,,—$,'S,)

i=1
+E,(S),+S5, —S1,5,,) (1)

in which all terms concerning hyperfine interaction have
been omitted. The z axis is in the line joining two NN
spins, which is in a (110) crystal direction, and the x
axis is in the direction of the Te ion of the Mn-Te-Mn
ligand.?' The y axis is consequently chosen to form an
orthogonal right-handed coordinate system. g is the
gyromagnetic factor, which equals 2, and p is the Bohr
magneton. J is the isotropic exchange interaction. The
D, and E, terms present the distortion of the octahedral
symmetry around each single spin, and the E, and D,
terms present the anisotropic parts of the exchange term.
The dipole-dipole interaction enters'? as —g?u?/r3}, in
D,, which amounts to 2.25X107° meV for Mn** in
CdTe for which the NN spin-spin separation equals 0.457
nm. Neglecting all anisotropic contributions, the isotro-
pic exchange term J couples the spins to give pairs with a
total spin S, which follow a Landé energy interval:

E;=guB-S+1J[S(S+1)—%] 2)

in which §=0, 1, 2, 3, 4, 5, and S, takes values M from
—S to S. As in single spin EPR, optical transitions with
AS =0, AM ==1 are allowed. In Fig. 6 the Landé ener-
gy interval is presented for Mn?" pairs as a function of
the magnetic field. J corresponds!® roughly to a thermal
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FIG. 6. The Lande energy interval for an exchange coupled
pair of S =3 spins, and the evolution of the levels with magnet-
ic field. In this plot J/gu corresponds to about 9 T. The ar-
rows suggest some allowed optical transitions. The heavy line
indicates the ground state as a function of field.
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energy of 10 K. The arrows correspond to allowed opti-
cal transitions. The heavy line corresponds to the popu-
lated ground state at zero temperature, and the absence
of optical transitions at low temperatures and low-
magnetic field is evident. Only at magnetic fields in ex-
cess of J/gu(=~=9 T),** the S=1, M= —1 state is popu-

J

lated due to the level crossing, and transitions to S=1,
M =0 are possible. In this simplified isotropic picture
however, these pair transitions are indiscernible from sin-
gle spin EPR because the energy is the same. Including
anisotropy terms from Eq. (1), and neglecting all terms of
order D?/J,E?/J, the Hamiltonian can be rewritten as

guB-S+LJ[S(S+1)—£]+D[S2—1S(S+1)]+E (S2—5}) (3)

with
D,=3aD,+BD,., E.=aE,+BE, ,
and

[S(S+1)+35] [35(S+1)—38]
[(2S—1)(25+3)] [2S—1)28+3)] °’

=1
a 2

’BZ

in which the E, terms present the axial asymmetry with respect to the (110) axis. The Hamiltonian from expression 3
is applicable to an arbitrary direction of the external magnetic field B in the coordinate system defined by the NN pair.
For practical reasons this expression must be transformed to the laboratory frame in which we choose the external B
field along the laboratory z axis. A spherical transformation of coordinates® yields for each spin pair the following ex-

pression:

H=guBS,+1J[S(S+1)— £ ]+D,{[icos¥0)—L][SZ—1S(S+1)]}
+E, {[sin*(¢)—cos*(¢)][ 2cos¥(8) — 3][SZ—1S(S+ 1)]} )

in which 6 and ¢ are the spherical coordinates of B in the
pair coordinate system x,y,z, with 6 the angle between B
and z, and ¢ the angle between the projection of B on the
x,y plane and the x axis. In obtaining Eq. (4) all terms
giving rise to off-diagonal terms in the Hamiltonian have
been neglected because D, E; <<guB, J, and hence first-
order perturbation theory is sufficient to obtain energy
shifts due to anisotropy. We would like to stress the
point that at very low magnetic fields this approach is not
valid, and the Hamiltonian from Eq. (1) should be diago-
nalized. If in Eq. (4) axial symmetry is assumed, E; =0
and the equation reduces to the expression given by Ishi-
kawa'? to describe the anisotropic interaction between
Mn?" ions in ZnS and CdS. From Eq. (4) it is derived
that the excitation of a pair from state S, S,=Mto M +1
will be seen in the transmission experiment as a reso-
nance at a magnetic field H given by

—-gl—#Es[sinz(d))—cos?'(qﬁ)][%cosz(e)—%](ZM+1)

(5)

in which Hgpy is the magnetic field at which the g=2
EPR resonance is observed. If the anisotropy is only of
dipolar  origin as already mentioned, then
H—Hgpgr =195 G for 6=0. To describe the transmis-
sion of a powder sample in which all orientations are
equally present, the expression in Eq. (5) should be aver-
aged over all angles 6 and ¢ yielding

1
H=Hgppg + —E,2M+1) . 6
EPR 320 s ( ) (6)

Equations (5) and (6) should principally allow the deter-
mination of the anisotropy parameters D, D,, E,, and
E,. However, as already mentioned, accurate determina-
tion of these parameters is beyond the scope of this ex-
periment. Moreover, Harris?® has pointed out that due to
exchange-striction and quadratic exchange effects the
pair energies can differ considerably from the Landé in-
terval given in Eq. (2). However, by estimating the
strength of each transition from its abundance for each
orientation together with a Boltzman distribution of the
different S states as a function of the magnetic field, Eqgs.
(5) and (6) allow a semiquantitative simulation of the pair
spectra showing its dependence on field and orientation.
In Fig. 5(c) an EPR spectrum of a powder sample is
shown. The increased linewidth of the resonance com-
pared to the spectra obtained from single crystals is due
to averaging over many weak pair resonances near to the
main EPR. A part of these resonances due to axial
asymetry should not average out according to Eq. (6).
Experimentally, however, only a single resonance line is
observed within the attainable resolution, indicating that
the total asymetry term E, for low S must be smaller
than the values deduced from previous investigations.?!
From Eq. (3) the term E consisting of a linear combina-
tion of E, and E, can be chosen in such a way as to van-
ish almost completely for low S. Using this constraint on
E. and E, some simulations of low- and high-field spectra
for the (110) and the (100) orientation are made and
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shown in Fig. 7. The parameters used are D, =4.2X107°
meV, D,=2.1X107% meV, E,=7X10"* meV, and
E,=1.2X1073 meV, in which the absolute values of the
E terms are not so stringent because effectively E; << D,
as already discussed. Each calculated resonance has been
given a Lorentzian line shape to comply better with the
experimental curves. Figure 7 shows a qualitative agree-
ment with the experiment and predicts the trend as a
function of both orientation and field. The simulations
shown in this figure only serve as an order of magnitude
estimation for the various anisotropy parameters. To our
knowledge there are only very few experimental deter-
minations of these parameters. The work of
Wilamowski?' on EPR of Mn-Mn pairs in Cd,_,Mn, Te
at microwave energies and higher temperatures distracts
out of the hyperfine structure the following values:
D.=—6.2%x10"? meV, D,=3X10"3 meV,
E,=—17.5X10"*meV, and E,=2.23X 103 meV, which
are close to values of Mn?* in MgO by Harris,?® and in a
qualitative agreement with our results. The recently
theoretically derived anisotropy values for D, starting
from a DM type of interaction by Larson®! et al., also
yield values of the same magnitude as our experiment.

It might be argued that in the low-concentration sam-
ple (x=0.002) the presence of a few percent!® of pairs
should only give very weak intensity of pair resonances
compared to the main EPR peak. However, as men-
tioned in a previous section, due to the sensitive measure-
ment method the main EPR resonance always drops to
nearly 50% transmission for samples thicker than ca. 0.5
mm, due to the onset of saturation. Therefore, a thicker
sample did not cause the main EPR peak to become more
prominent (although as previously mentioned, very thick
samples showed some saturation broadening), but the
weak satellites do become in such a case more pro-
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FIG. 7. Some theoretical transmission simulations of the pair
excitations showing the dependence on magnetic field and crys-
tal orientation. See the text for details.

nounced relative to the main peak. This is shown experi-
mentally in Figs. 5(b) and S5(c), in which the only
difference between both ( 110)-oriented spectra is a fac-
tor 4 in sample thickness.

In Fig. 4 it is shown that at temperatures 7> 10 K the
satellite lines are not observed anymore. In the experi-
mental situation of the variable temperature measure-
ment, this temperature corresponded to a thermal energy
in excess of the electronic Zeeman splitting. The pair
states which at low temperature were all in one triplet
state will be thermally repopulated over several pair mul-
tiplets (see the Landé interval in Fig. 6), which all have
[according to Eq. (4) and Eq. (5)] a different anisotropy
energy. Hence the few lines from one triplet will be split
up in many weak closely separated lines from various
multiplets which results in a spectrum that cannot be
resolved anymore with our experimental technique.

B. Broadening

In general EPR broadening mechanisms can be divided
in static and dynamic mechanisms. The former incorpo-
rates mainly mechanisms related to additional internal
field such as for instance dipolar broadening?’ or
Dzialoszynski-Moryia (DM) anisotropy.?! Dynamic
effects exists mainly of lifetime broadening’® due to very
fast relaxation from the excited state. In the following, it
will be argued that the usual static broadening effects are
not likely to be responsible for the observed very strong
broadening, and that dynamic effects might be important.

It has been suggested' that the main mechanism for
the magnetic field induced broadening was an originally
dipolar broadened but exchange narrowed resonance line
at low fields. At high magnetic fields the EPR frequency
attains the same order of magnitude as the exchange in-
teraction frequency (J/#i=~5 T), and the exchange nar-
rowing becomes less effective.”’ Consequently, a line
width increase should occur at high fields. However,
even standard linewidth calculations discarding all possi-
ble narrowing mechanisms show that in the low-
concentration DMS samples studied in this paper, al-
ready in the low-field limit any line broadening in excess
of a few hundred Gauss cannot be due to dipolar
effects.?’”2®  Another mechanism recently evoked to ex-
plain the additional broadening in low-field EPR as ob-
served!® by Samarth et al. is the Dzialoszynski-Moryia
type spin-spin interaction,'®3! which has also been men-
tioned by the same authors as being a possible cause for
the presence of anisotropic exchange. However, both
above-mentioned broadening mechanisms cannot account
for the very large scale broadening as observed in our ex-
periments at high fields. Therefore, we like now to dis-
cuss the problem of lifetime broadening.

For isolated spins, spin relaxation (SRL) to the lattice
normally goes by phonon interaction. The associated re-
laxation times for these processes are known to be very
long at low temperatures>”3® (up to 100 msec). Theoreti-
cally, this can be accounted for by the Blume-Orbach
(BO) theory*® on grounds of the fact that Mn?* has no
orbital momentum through which SRL goes most
effectively. A second relaxation path for the spins as re-
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cently noted’”® by Scalbert et al. is cross relaxa-
tion3%3640 through small clusters or pairs of Mn?** which
can play the role of fast relaxation centers. In Fig. 8 the
different spin states with their relaxation rates are depict-
ed to show the mechanism of cross relaxation. For low
magnetic impurity concentrations (a few percent) the
spin-spin relaxation time 7 is found to be much shorter®’
than the exchange-pair lattice relaxation time 7. This 7y
is usually much shorter than single spin lattice relaxation,
due to the fact that lattice relaxation by phonon emission
is much more effective for pairs than for singles. More-
over 1y decreases rapidly with increasing impurity con-
centration. In such a way the relaxation to the lattice
through pairs or clusters can open up a very effective
“by-pass” to relax, in which the experimentally impor-
tant relaxation time in EPR (Ref. 41) is 7. Unfortunate-
ly, there are not many direct experimental data available
on 7, for Cd;_,Mn,Te. However, an extrapolation of
the experimental data on 7, from Scalbert et al.’’ to
higher concentrations, assuming 7, <<7, suggests the
presence of a very fast Zeeman-exchange relaxation not
excluding subnanosecond values for 7.

The reason that the above-discussed mechanism of
cross relaxation is only effective at high magnetic fields
can be understood by considering that at low tempera-
tures the number of pair states with nonzero spin is very
small in weak magnetic fields, but increases rapidly at
magnetic field above 10 T due to the crossing'® of the pair
energy levels as discussed before (see also Fig. 6). Now
spin-spin relaxation from single spins to pairs and clus-
ters (the 7 channel of Fig. 8) becomes possible, making
the effective excited spin lifetime very short. Also cluster
forming through NNN exchange interaction is expected
to contribute to this relaxation mechanism. Figure 3,
which shows line widths versus magnetic field for several
Mn concentrations indeed confirms that below 1% of
Mn, where the fraction of pairs is low and the average
distance between pairs and single spins large, the line
width depends only very weakly on the field. On the oth-
er hand, a dramatic increase of the line width for 2%
sample is observed above approximately 10 T which is
about the field corresponding to the S=0, S=1 spin level
crossing.

For larger x the line broadening starts already at lower
fields and the linewidth increases monotonically with the
field. For the 10% sample this linewidth tends to satu-
rate above approx. 18 T. At these concentrations, al-
though there are still a considerable fraction of pairs, the
major contribution'® will come from small clusters like
triads, fourths, etc. At concentrations x = 0.1 the actual
relaxation mechanism becomes extremely complicated
because there can already exist an onset of short-range
magnetic ordering. Indeed, Novak’ et al. have shown
the beginning of a spin-glass phase already at comparable
low Mn?" concentrations. An extension of the above-
discussed mechanisms for relaxation might also be par-

SINGLE Tss! PAIRS
SPINS VERY FAST CLUSTERS
\\
SLOW\\ . Tl
\ FAST
LATTICE

FIG. 8. The system with single spins, clusters, lattice, and re-
laxation rates showing the principle of cross relaxation.

tially responsible for the extremely broad resonances
seen® in high concentration AF ordered Cd;_,Mn, Te.

Lately it has been argued®’ that the DM anisotropic
exchange interaction, used to explain the EPR broaden-
ing'® of low-concentration samples also plays a role in the
relaxation mechanism in the clusters. At present there is
however to our knowledge no experimental evidence for
this.

V. CONCLUSIONS

We have measured EPR in low- and medium-
concentration Cd,_,Mn, Te at high magnetic fields and
at far-infrared energies. The most important experimen-
tal results are the observation of orientation dependent
satellite resonances around the main EPR resonance, and
the presence of a strong magnetic field induced broaden-
ing. The presence of satellite resonances around the main
EPR is due to excitation of exchange-coupled pairs of
NN spins, and indicates the presence of anisotropic ex-
change. The estimations of the order of magnitude of the
anisotropic exchange as deduced from the experiment
comply well with the few available literature data. The
strong magnetic field induced line broadening observed at
fields above 10 T for x >0.01 can be qualitatively ex-
plained by lifetime broadening due to cross relaxation, in
which exchange coupled clusters play the role of vast re-
laxation centers. This mechanism only functions at high
magnetic fields, because at low magnetic fields and low
temperature these clusters reside in a nonmagnetic
ground state.
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