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Muon-spin rotation experiments were carried out on Cd/in, Te samples with different Mn concentrations
x and different annealing treatmenfi® Cd vapor or in vacuuim The purpose of the experiment was to
elucidate the origin of the pronounced minima in the temperature dependence of the muon depolarization rate.
We found that the data can be analyzed in a two-state model with the assumption that the muon has a high
(10-30us ™) depolarization rate in state one and a ltM1—0.3us™ %) depolarization rate in state two. The
minima are attributed to a change from state @wresumably a paramagnetic centier state two(presumably
a diamagnetic centerThe state change is either purely electronic or caused by a site change of the muon.
[S0163-182697)05319-9

INTRODUCTION the minima. A good candidate for a trapping center is the
cation vacancy which in CdTe and €d,Mn,Te forms ac-
The Cd,_,Mn,Te mixed crystals are the classical ex- ceptor centers when pairing with impuriti&s.1*The anoma-
ample of the wide gap diluted magnetic semiconductordies observed in the region of the minima may then result
(DMS’s) and belong to the most intensively studied repre-from the muon trapping and detrapping from such acceptors.
sentatives of this class of magnetic materials. The magneto- In order to check this hypothesis, we performed a series
optical and magnetotransport properties of DMS material®f «SR experiments on the ¢d,Mn,Te crystals annealed
are determined by the strong exchange interaction betweeinder different conditions. Annealing in Cd vapor was used
charge carrier¢delocalizedp- ands-type electrongand lo-  to decrease the concentration of the cadmium vacancy accep-
calized spins of magnetic iongd{shell electrons’™3 The tors, whereas vacuum annealing was used to produce more
magnetic properties are governed by the antiferromagnetied vacancies.
d-d exchang&® between magnetic Mn ions at the cation sub-  The results of the present work rule-out the Cd-vacancy
lattice of CdTe. The exchange interaction leadsstmrt ~model. We will show, however, that a two-states model in-
range antiferromagnetic  ordering for higher Mn  Vvolving changes of the electronic configuration of the muon
concentratiorfs and spin-glass-like behaviofor lower Mn  center gives an adequate description of the data.
contents.
The muon-spin rotation4SR) techniqué® has been al- L EXPERIMENT
ready successfully applied to study the spin freezing in
Cd;_,Mn,Te crystals®* The divergent increase of the  All Cd;_,Mn,Te samples used in the presgpBR ex-
1SR depolarization rate, when the crystal was cooled dowiperiment were single crystals grown at the Institute of Phys-
to the spin-freezing temperature was interpreted as a sign é¢s of the Polish Academy of Sciences. The crystal dimen-
the critical slowing down of spin fluctuations at the freezingsions were in the order of 14 mm in diameter and 1-5 mm in
temperature. The analysis of the temperature dependence thiickness. Thex=0.40 crystal was especially grown for the
the uSR depolarization rate in this temperature region enu«SR experiments and had a diameter of 20 mm. Since the
abled the determination of critical exponénit¥ and esti- muon beam was collimated to 10 mm diameter, all muons
mates of spin fluctuation ratés. stopped in the sample and no background signal was ex-
At intermediate temperatures, the muon depolarizatiopected.
rate exhibits unusual minima as first observed by Ansaldo After measurements on as grown crystals, selected
et al!**? There were already several investigations on theseéamples were annealed under various conditions. The Mn
minimat''#put no clear conclusions could be reached. Theconcentration was checked before and after annealing by
aim of present work is to obtain more information on thesex-ray fluorescence and was found to agree with the nominal
minima and to contribute to a better understanding of theiconcentration within the accuracy of the metH@2).
origin. The samples withx=0.30 and 0.40 were annealed in
It has been suggestBd? that the minima are caused by vacuum for 24 h at 740 °C and then quenched rapidly in
muon trapping at defects. In this case, a change of the convater. Thex=0.20 sample and a part of a previously
centration of these defects should influence the location ofacuum annealexd=0.40 sample were annealed in Cd vapor
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FIG. 1. uSR spectraasymmetry paitof a
Cdy gMng 5Te crystal at different temperatures.
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at 540 °C and slowly cooled in the furnace. It is expetted experiments the external field is perpendicular to the spin
that the Cd-annealed samples have a significantly lower fregeolarization of the muon beam, thus the spin of the im-
carrier concentration than the untreated samples and that tianted w* precesses around the field direction. The
conductivity is dominated by acceptor levels which areu™-spin precession frequency is given by the muon gyro-
somewhat deeper than in the virgin sample. magnetic ratioy,/2m=135.534 MHz/T and the value of the
The carrier concentration of the annealed samples waisiternal magnetic field at the muon site.
checked by infrared transmission measurements. This The positive muon decays with a time constant of
method was applied by Wojtaét al’® in the studies of 7,=2.1971us into the positron and two neutrinos. Since the
Cd;_Mn,Te crystals withx=0.05 and 0.1. In our crystals, positron is emitted preferentially in the direction of muon
with significantly higher Mn contents, the IR spectra werespin, the spin precession can be registered by detecting the
not well fitable with the formulas used in Ref. 16, thus we positrons as a function of time between the muon implanta-
were able to determine quantitatively only the free-carriettion and its decay. If the positron counter is placed at the
concentration. The information about acceptor concentratioangled to the initial direction of the muon spin, the obtained
and ionization energy was more qualitative. We found thahistogram obeys the relation
the hole concentrations at room temperature was between
1x10% cm™3 and 6x10*® cm™® for as-grown N(t)=Noexp( —t/7,)[1+AG,(t)cog wt+ 6)]+ B,
Cd;_,Mn,Te crystals used in this work. After vacuum an- )
nealing the concentration increased by a factor of 2-5. In the
Cd-annealed samples the free-carrier concentration at roomhereB, andN, are the background and normalization con-
temperature was below the detection limit of the IR methodstants, respectively.
Namely, for Cd ¢gMng,Te sample we found the room- The theory of weak interaction predicts the value; dor
temperature hole concentration to be ©®3)x10®  the muon decay asymmetA; but the observed value &fis
cm 3 (1.6£0.5)x10 cm 3 and less than 0:810'  usually lower, mainly because of the finite solid angle cov-
cm™2 in the as grown, vacuum annealed, and Cd-annealedred by the positron counter. The physical information on the
sample, respectively. internal field distribution and dynamics is contained in the
Most of theu SR experiments were done with the surfaceprecession term coe{+6) and depolarization function
muon beam at the Paul-Scherrer Institute in Villigen, Swit-G,(t).
zerland. Some additional measurements were performed at The standard TR:SR spectrdlike those shown in Fig.)1
the TRIUMF facility in Vancouver, Canada. The transversedisplay only the asymmetry part of the above formula, i.e.,
field uSR configuratiol TF-uSR) (Refs. 8 and Pwas cho-  the oscillatory termAG,(t)cost+ 6). If the muons form
sen for the present experiments since the analysis of THdifferent species or stop at different sites, the asymmetry
1SR spectra is simpler and gives more reliable informatiorterm takes the form of the sum of different components
on amplitudes. We have checked previotisly that for the  3,A;G,;(t)cost+6). The amplitudesA; determine the
Cd;_,Mn,Te crystals the same double exponential depolarmuon fractions which contribute to the different species or
ization is observed in both TESR and in the zero-field sites. Such a simple picture becomes more complicated when
SR (ZF-uSR) method, which is the standard method tothe positive muon in semiconductor captures an electron
study the spin-glass freezirg. forming a muonium(Mu) center’:?>However, in some spe-
Spin polarized positive muons are implanted into thecial cases, when the electron in Mu center exhibits strong
Cd,_,Mn,Te samples with an energy of 4 MeV and come todepolarizatione.g., due to the spin exchangée observed
rest without loosing their spin polarization. Only one muonTF-uSR signal might be almost identical to that of bare
is present in the sample at a given time. In the FZ8R  muon?.?®
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II. RESULTS

Typical uSR spectra for a CgMn,,Te crystal are 10% Cd, Mn,Te
shown in Fig. 1. It can be seen that the form of the spectra <= 0.40
and the depolarization rates change strongly and nonmonoto- [ ® %
nously as a function of temperature. At 12 K, the initial ot e ® 0t 0g g O
signal is strongly damped and goes over at later times to an o
almost undamped signal with a small amplitude. Similar ¥
spectra are observed at 78 K and 200 K. However, at tem-
peratures between these points, the spectra are very different, l
showing much weaker and more continuous damping. 10%

The precise analysis oftSR spectra always involves
some arbitrary choice of the fitting function. The best de- L i .
scription of theuSR spectra observed for €dMn,Te in 10 3 ‘
our experiments can be achieved using a sum of two expo-
nentially damped oscillation§i2:1Aiexp(—)\it)cos(wit+0).

Fits with a single component but with a stretched exponential 10° x=0.20
damping G,(t) =exp(— (8t)#) (like recently proposed for
spin glassed) were not satisfactory and generally inferior to
the fits with two exponentials.

In the following discussions we will refer also to the
three-component fits. Such fits with three exponential com-
ponents give in principle more continuous behavior of the
relative amplitudes of the components. However, when the )
relaxation rates of two weakly damped components become . §
comparable(like in the temperature region of the minijna 101 NP g
the separation of the components becomes ambiguous, and '!;
requires human intervention into the fitting routiiixing of
some parameters Therefore, in the following we will 100
present and discuss mainly the two component fits, which are . e . . . .
more reliable. The only constraint put into the two exponen- 0 100 200 300
tial fit was that the sum of the amplitudes was not allowed to Temperature (K)
exceed the amplitude derived from the calibration run.

The two exponentials are characterized by the mean pre- FIG. 2. Temperature dependence of the depolarizationréte
cession frequencies,,w,, the depolarization rates; ,\,,  the strongly damped component of th@SR signal in
and the relative amplitudes,,A,. The mean frequencies Cti-xMn,Te.
are, except near the spin-freezing temperatligeven by the
external field, so in the following only the depolarization were taken on the high momentum muon beam with high
rates and relative amplitudes of the components will be disbackground signalabout 40%. The analysis of the ampli-
cussed in details. tudes for this data was then unreliable. The data shown in

Figure 2 shows the depolarization rates of the stronglyFig. 3 for as grown sample, although less complete, are back-
damped component for a set of as-grown,Cdin,Te  ground free, thus might be compared with later data obtained
samples with different Mn concentratiofimeasured in our for the same sample after annealing.
previous experiment§. The pronounced minima mentioned  The main features, which could be deduced from Figs.
in the introduction and reported previously by Ansaldo3-5, are as follows:
et al*? are clearly seen. One kind of minima is observed (i) The depolarization rate of the strongly damped com-
for all samples. The location of these minima shifts fromponent outside of the minima and not too close to the spin-
about 100 K forx=0.15 to about 200 K fox=0.4. A sec- freezing temperature is on the order of 1048 1, whereas
ond minimum at lower temperatures appearsxer0.2 and the depolarization rate of the weakly damped component is
0.15 samples, but seems to be washed out for the higher Mon the order of 0.1-0.3s™ 1. Both are slightly higher for the
concentrations. For crystals witk<0.05 the strongly smaller Mn concentrations than for the larger concentrations.
damped component was not observed at any temperature. They exhibit a moderate-temperature dependence, except at

The relative amplitude of the weakly damped componenthe anomalies.

(the other is one minus thaand the two relaxation rates are  (ii) The relative fractions of the two components exhibit
displayed by open and solid symbols in Figs. 3—5 for the astrong temperature variations. It can be seen in Figs. 3-5
grown, vacuum-, and Cd-annealed C¢Mn,Te samples (left-hand sidg where the relative amplitude of the weakly
with x=0.4, 0.3, and 0.2, respectively. damped component is shown. The rapid changes of the am-

One could note that the data for as grown plitude of that component are the most significant signatures
Cdy gdMing 4oT€ sample shown in Fig. 2 are different from of the minima.
that shown in Fig. 3 for same sample. Data from Fig. 2, are (iii) The minima are then characterized by a gradual in-
more complete and cover the whole temperature range, butease of the slowly damped fractignpen symbolk fol-
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FIG. 3. Temperature dependence of the relative amplitude of the weakly relaxing comflefieahd the depolarization rates of the two
componentgright) of the uSR signal for Cd gMn 4Te (as grown and after vacuum and Cd annealing

lowed by a fairly abrupt falloff, which approximately coin- opinion is less reasonable. This interpretation is based on the
cides with the minimum in the depolarization rate of thethree-component fit, mentioned before, which is depicted by
strongly damped componeftlosed symbols the lines in Fig. 5. Please note that the fit is truly three-
(iv) Annealing in Cd vapor has a minor influence on thecomponent only in certain temperature ranges where the
behavior of the anomalies, whereas vacuum annealing imminima of relaxation rate occurred within previous interpre-
duces significant changes, in particular in #120.4 sample tation. When approaching these temperature ranges, the
(Fig. 3. strongly damped componefolid lineg disappears — its
The above description of the data was based on the “clasamplitude decreases to zero, its relaxation rate increases
sical” interpretation, where the relaxation rate is the mainslightly. The amplitude of the remaining fractidmeakly
characteristics of the two componerisolid and open sym- damped-dotted lingsincreases graduallyas beforg but
bols in Figs. 3—h There exists, however, another possiblethen remains almost constant. The relaxation rate of this frac-
interpretation of the same experimental data, which in oution starts to increase, so that at a sufficiently high damping
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FIG. 4. Temperature dependence of the relative amplitude of the weakly relaxing comfefterind depolarization rates of the two
componentgright) of the uSR signal for Cd gMn, sTe (as grown and after vacuum anneajing
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FIG. 5. Temperature dependence of the relative amplitude of the weakly relaxing comflefieanhd the depolarization rates of the two
componentgright) of the uSR signal for Cd gMng,Te (as grown and after Cd annealjng he lines illustrate a three-component(ee
text).

rate the third almost undamped componédashed lings  strongly damped component to a paramagnetic center. On
becomes clearly visible. Although, this interpretation gives ahe other hand, the weak relaxation of th&R signal in the
more continuous temperature dependence of both amplitudegcond state is consistent with the dipolar field calculations
and relaxation rates, it remains questionable since the thregnd we therefore assign this state to a diamagnetic center.

component fits are ambiguous. In our opinion the most plausible explanation of the
minima is that they are caused by a change of the muon from
lll. ANALYSIS AND DISCUSSION the paramagnetic to the diamagnetic state. The origin of such

The experimental data can be described consistently in thd change could be merely electronic or could be induced by

framework of a two-state model, in which one state has .§ite ghange of the muon. In the following, this later possi-
high and the second one has a low depolarization rate. In thidlity will be examined assuming that the site change is due
model, the minima are due to a change in the occupation dP rapping. _ _
these two states. In the following, we give a characterization N order to be in accordance with the data, we must as-
of the two states followed by an analysis of the two-stateSUme that the free state corresponds to the fast relaxing and
model. the trapped to the slowly relaxing component. The amplitude
We assume that the muon depolarization in both states igf the two components is determined by the trapping rate
caused by the fluctuating Mn spins and that, except at veryhich depends on the temperature and trap concentration:
low temperatures, the motional narrowing formula can bethe higher the trap concentration the lower the temperature at
applied. Then the muon depolarizatiag, in the two states which trapping occurs and vice versa. In order to check
is given by whether trapping at Cd vacancies could cause the minima,
) we performed measurements with differently annealed
N12= ©757c, (20 samples.
where 7.= 1l/w,, is the correlation time of the spin fluctua- According o the aboye con_S|de_rat|ons we would expect
tions. Its high-temperature limit is given by the exchangethat the vacuum annealing, which increases the Cd-vacancy
interaction of the Mn spins de~1012 s for nearest concentration, shn‘ts. the_ anomalies to lower temperatures. A_s
neighbors. The experimentally observed trend that, de- ~ ¢a@n be seen clearly in Fig. 3 and also, but less pronounced, in
creases as the Mn concentration increases can be traced bddfl- 4, this is apparently not the case. The vacuum annealed
to a corresponding behavior afg,. sample(Fig. 3) shows no anomaly up to 250 K. In particular,
The interaction strength®; and w, between the muon the anomaly at 200 K, which has been seen in the as grown
and Mn-spin systems in formulé) contain information @and in the Cd-annealed sample, does not show up. Only the
about the nature of these centers. Our earlier estimates of thégh-temperature increase of weakly damped fraction is ob-
width of dipolar field distributions for the two most probable served for this vacuum-annealed sample.
muon sites, as well as the more precise Monte Carlo simu- We conclude from this finding that the trapping at Cd
lations done by Noaké$?® for same sites, showed that the vacancies is not the cause of the minima below room tem-
dipolar fields from the Mn magnetic moments are too smallperature. We speculate that at room temperature or some-
and cannot account for the experimental valuea pfclose  what above, the muon trapping at Cd vacancies may begin
to the spin-freezing temperatQrd his means that in the case and that the increase of the slowly relaxing fraction in this
of the strongly damped component, a hyperfine field from ariemperature range, which is observed in most of the samples,
unpaired electron must be involved. We therefore assign theay be an indication of such trapping.
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If not vacancies, then perhaps other defects act as mudon assume any phase coherence between them. So the fluc-
trapping centers and cause the minima. However, such duating exchange fields should decouple electron and muon
explanation is also not plausible since the shift of the minimaspins.
with the Mn concentratiortsee Fig. 2 cannot be explained ~ For sufficiently2 rapid fluctuations 7t>3de,y it is
satisfactory. If we assume that for some reason, e.g., becaug¥Pected thatv= 5,7, but then we should observe stron-
of a higher diffusivity or higher defect concentration, the 96" damping, whem decreases with increasing temperature,
trapping shifts to lower temperatures for a decreasing MﬁNhICh is not the case experimentally. It is much more prob-

concentratiorx, then the fact that also the detrapping shiftsable that in Cgl_Mn,Te dee>7c, vo1/7;, and finallyx,,

) . . « 7., however, such a case was not explicitly considered in
in the same way would still be a mere accident and not VelY¥haoretical works on muonium relaxation

plausible. The other argument for the muonium hypothesis would
Therefore, it seems that the state change of the muon @bme from the fact that the fast relaxing component was
the anomalies is of electronic origin, although trapping cangpserved only in the Cd.,Mn,Te samples with relatively
not be excluded completely. At the low-temperature side ohigh Mn concentrationx=0.10, when the samples were
the anomalies, the fraction of the slowly relaxifdjamag- semi-insulating. Also for the semi-metallic geéMng;Se
netio component gradually increases at the expense of th@1-type) and Hg, gsMn g 3sTe (p-type) samples no fast relax-
fast relaxing (paramagneticcomponent. The fact that the Ing signal was observed even in the vicinity of the spin-
change is not abrupt might be explained by slight local in_freezTg temperature. No muonium frequenciether than
homogeneities, which cause the transition to occur at differth€ ) were found in our DMS samples.
ent temperatures. At the high-temperature side of the anom?— One n|1_|tg|‘(ljt furt?edr_f?pem{{late that thet char:ges Qf thi rteﬁla-
lies a fluctuation between the two states can best describe tiyc 2mpPitdes ot difterent components 1S the sign ot the

; . ) o Ut to Muge and Muge to Muge (or u™) transitions. In
data, which .Sh.OW an mt_ermedlate depolarization rate. .order to account for the observed dependence of the conver-
The remaining question is the nature of the paramagneti

' . . Sion temperature on Mn concentration, we have to assume
center. Two kinds of paramagnetic muonium centers Wergnat the onization energies of different Mu centers change

well identified in classic semiconductors. These are, the nowhen the energy gap of the ¢d,Mn,Te opens with in-
mal muonium My — located at a tetrahedral interstitial and creasingx. Although, this interpretation looks promising
the anomalous muonium Mig — anisotropic, located at the from the point of view of the three-component picture, we
bond centef? In both cases, however, the observed TF-have no strong arguments supporting such a hypothesis.
1SR signal contains multiple oscillation frequencies, which
depend in rather complicated manner on the values of
electron-muon hyperfine coupling), and on the Zeeman  The present data indicate that the muon in, Gin,Te
frequenciesw. and w,, for electron and muon spins, re- can exist in two different states: the first state has a high
spectively. depolarization rate and is assigned to a paramagnetic con-

The only case described in the literature, when the muofiguration, the second state has a low depolarization rate and
nium signal resembles those of diamagneti¢, occurs, is assigned.to a diamagnetic qonfiguration. The minima in
when the electron depolarization ratds much higher than the depolarization rate are attributed to a change from the
wo. 2423 Additionally, the electron has to be depolarized in- P2ramagnetic to the diamagnetic state.

q dently f th . by th id spi The experiments performed on the annealed
ependently from the muon spin, €.g., by the rapid spin Obdl_anXTe samples clearly show that the earlier hypoth-

charge exchange. The domingaSR frequency of My,  egjs of the muon trapping af the Cd vacancies cannot be the
12, would then have almost the same value as for the barggyse for the minima below the room temperature. We argue
w". The signal would be exponentially damped with a relax-that trapping at other defects is also unlikely so that a mere
ation rate,\q,, roughly proportional tOwglv and would electronic configuration change is the most probable origin
show a small negative frequency shift of the order ofof the minima. o _
(wewé)/vz. In fact, the negative frequency shift was ob- The exgct microscopic picture of the_ paramagnetic and
served for the strongly damped compori@nt diamagnetic muon states in CdMn, Te m|xed crystalg and
The independent depolarization of the electron and muof’€ réason for the state change remains unexplained. The
spins in the Mu center should indeed be expected in th€XPeriments described in this paper provide, however, im-
semi-insulating Cd_,Mn, Te DMS crystals. The strength of portant da_ta, which should facilitate the planning of the fu-
the exchange interaction between the spins of the electro'® experiments on these DMS crystals.
from conduction band and the localized Mn iorsd ex-
change might be characterized by the value of exchange ACKNOWLEDGMENTS
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CONCLUSION
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