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Low-temperature dynamic susceptibility of thin Cd;_,Mn,Te films
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Dynamic susceptibility and electrical resistance of thin films of G#in,Te (0<X=<0.6) deposited on
Corning 7059 glass substrates at a 650-K substrate temperature were studied in the 20—300-K temperature
range. The existence of an interstitial MnTe phase and a low-temperature spin-glass phas®.25 has
been observed. The low-temperature magnetic and resistive properties of the thin films have been correlated,
which provide some different insights in the exchange mechanisms taking place in these materials.
[S0163-182696)01143-3

l. INTRODUCTION ground state of Mf (3d®) is °S;,, with a negligibly small
crystal-field splitting, and hence it can be viewed as an or-
The dilute magnetic semiconductd®MS) encompasses bital singlet withS=3.

any semiconductor with a fraction of its constituent ions re- The nature and extent of these magnetic interactions can
placed substitutionally by ions bearing a net magnetic mobe probed by studying the low-field susceptibility in the
ment. The DMS family includes the 1I-VI, llI-V, and IV-VI DMS system in which Mn concentratiorX} is varied. In
compounds alloyed with the transition-metal ions, e.g.general, forX=0.005, DMS's are paramagnelicshow a
Mn?", Fé', Co?*, etc. DMS with Mrf" ions substituted in  magnetic phase transitifit®as defined by a cusp at a criti-
various II-VI hosté ®have been the most extensively studiedcal temperaturdl§ for X=0.02, and form an antiferromag-
as the solubility of Mn in 1I-VI hosts is maximum. The DMS netic phase forX>O 601° So, theX- T4 plot maps out a
are of interest for their magnefic® and magneto-opticHl~ magnetic phase diagraffiwith the Iow -temperature phase
properties such as spin-glass transition, giant Faraday rotaepresenting a spin gladsin the paramagnetic region, the
tion, etc. In Cd_,Mn,Te (CMT), for example, these mag- magnetic susceptibilityy, follows Curie’s law*® The Curie-
netic features begin to show enhanced effects with variatiohVeiss temperatur®(X) obtained is negative, indicating an-
in Mn concentration. The interaction between localized magtiferromagnetic interactions between the sgih% At tem-
netic moments of M and the conduction and/or valence- peratures belowT, the magnetic moments are randomly
band electrons results in these unique effects. These exisordered and display many of the characteristics of a spin-
change interactions are essentially of two types: the stronglass phase, such as the specific heat which has a linear
Kondo-like sp-d exchange between spins of band electrongemperature dependence and does not show any anomaly at
and localized magnetic moments, affects the optical propert 24 Typically, in a DMS belowT,, different magnetic
ties, while the weaker Heisenberg interion exchasded phases(paramagnetic and spin-glass phases and antiferro-
exchangg affects the magnetic properties. The behavior ofmagnetic clustejscoexist in the sampl& The number of
DMS alloys in a magnetic field is like that of the honmag- different atoms in different states is a function Xf For
netic semiconductors, except that théactor is modified by example, forX=0.65 in CMT, neutron-diffraction studies
thesp-d exchange interactiolt~*’ The splitting between the show the absence of the long-range oftiand only 50% of
1 and] spin states depends on the magnetization and hendbe magnetic atoms are ordered in clusters with antiferro-
on the temperature, composition, and magnetic field. Thenagnetic ordering of the third type. The electron-
d-d exchange in DMS alloys has been calculated perturbaparamagnetic-resonan€EPR measurements show a slow-
tively by Larson® who showed that it has contributions ing down of the spin fluctuations @ is approached from
from three classes of interactions. The two hole processespove®® The spin-glass behavior is thus attributed to the
namely, the hybridization-induced superexchange betweecombined effects of the frustration of the antiferromagnetic
the Mn 3d and Te % states dominat® One-electron and interaction on an fcc/hep lattice and the randomness due to
one-hole processes, known as the Bloembergen-Rowlardilution.?’ The ground-state properties of the frustrated quan-
(BR) mechanism, have about 5% contribution and two-tum Heisenberg antiferromagnets on a cubic lattice have
electron processes, viz., the Rudderman-Kittel-Kasuyabeen investigated theoretically for clusters containing 4—36
Yosida(RKKY) interaction, are negligibl& In the wide gap  atoms?® It has been found that for 0.60J,/J;)<0.34, the
DMS alloys, thed-d interaction is primarily a nearest- dominant magnetic ordering is of short-range type. The op-
neighbor interaction. For instance, in CMT, the next-nearesttical and electrical properties of two-dimensional DMS sys-
neighbor exchange integraR is typically about five to ten tems are very sensitive to the magnetizalfod and hence
times smaller than the nearest-neighbor exchange intdgral can be studied by the conventional technigtfeln all the
(J2/3,~0.1).2 In a tetrahedral environment, the atomic cases, suppression of antiferromagnetic order is observed on
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the short-range cluster scafélt can be said that thermody-
namically, in the limit of low dimensionality and in the ab- % 37.2
sence of spatially anisotropic magnetic interactions within s
the plane containing the spins, magnetic ordering is not pos- = 279
sible because of the finite-size effects, which become more€ <’
important than the magnetic ordering effett$® g
It is clear that low-temperature behavior of the DMS al- t 18.6
loys depends on the detailed topology of the Mn sublattice. J "
A change in nearest-neighbor environment of Mn ions aIters@
the nature of the short-range magnetic ordefthg/e have
investigated exchange interaction dynamics in thin CMT
films deposited by closed space sublimation both in the di-
lute and higher Mn concentration range using low-field dy-
namic susceptibility as a diagnostic tool in conjunction with
electrical resistivity measurements. The occurrence of spin- 60 100 140 180 220
glass phase, deviation from the Curie-Weiss law, and impor- TEMPERATURE (K)
tance of the MnTe interstitial sublatti¢different from bulk
have been revealed from these studies. This paper presentsgig. 1. Real susceptibility versus temperature plotXer0.25
these results. films deposited on Corning 7059 glass andl$1) substrates(a)
and(b) Films on S{111) and Corning 7059 glass at 313 Hg) and
(d) films on S{111) and Corning at 1-KHz measuring frequency
respectively.

'y
INg
-8

-t
e
N

(

9.3

o
)

[ =)
o
(suun -qJe) ALNIGILdIOSNS

SUSCEPT

o
o

Il. EXPERIMENTAL DETAILS

The Cd_,Mn,Te films were deposited on to Corning
7059 glass substrates, maintained at 350 °C, by sublimatiofave a &1° configuration and &S, ground staté? A spheri-
from different stoichiometric aIone/wth X values from 0.01 Ca"y Symmetrics state cannot be affected by a Crysta”ine
to 1.0, and prepared by melt quenching. Details of film electric field. However, it is known that a crystal-field split-
deposition and compositional characterization have been reéing of the ground state of M does occuf? This is be-
ported in an earlier publicatioll. The studied compositions cause it is not a purts state but consists of an admixture of
correspond to nearlX=1.00, 0.60, 0.50, 0.40, 0.30, 0.25, higher-lying levels$? The effects of these admixtures are
0.20 (£0.01 in the higher Mn concentration range and relatively small and have been neglected here as we are con-
X=0.10, 0.06, 0.04, 0.02, 0.06-0.01) in the dilute range. cerned only with the gross electronic properties like the mag-
The low-temperature ac susceptibility of the films was meanetic susceptibility and resistivity.
sured in the 300—-20-K temperature range using a SUmitomo The ac susceptibility of the Gd,Mn, Te films deposited
SRD-204 cryostat with facility for simultaneous measure-on Corning 7059 glass and($iL1) substrates were measured
ment on eight samples. A double secondary coil arrangemeny; the temperature range 300-20 K at 73-Hz, 313-Hz, and
with one coil wound opposite to the other was used asi-KHz signal frequencies. All samples show paramagnetic
pick-up coil to increase the signal-to-noise ratio. The primaryhehavior at higher temperaturés50 K) and the magnitude
coil was excited by an amplified ac signal from a signalof susceptibility was maximum at 73 Hz and decreased with
generator to produce a harmonic excitation magnetic fieldincreasing frequency. Figure 1 shows the variation of suscep-
The real and imaginary components of the induced signafibility with temperature at 313-Hz and 1-KHz signal fre-
were measured by a lock-in amplifier interfaced with an IBM quencies fora typica| film of Compositi@(}:O_ZS, deposited
PC. The susceptibility measurements were done on samples Corning 7059 and Gill) substrates, in the high-
both in the zero-field coolingZFC) and field cooling(FC)  temperaturé300 to 60 K range. Susceptibility of the film on
modes™ in the presence of an external static magnetic field Corning 7059 substrate was smaller in magnitude. This is
The magnitude of the static external field was always greatestributed to smaller grain size of the £@Ming ,<Te film on
than that of the dynamic excitation field. To make the datacorning than on $111).°
representative of the magnetization in the films and for The real(y’) and imaginary(x”) parts of the FC normal-
proper comparison between the films of differéawalues, jzed susceptibility data for the Corning 7059 glass substrate
the data were normalized with respect to the sample volumgre shown in Fig. 2 both for the cooling and the heating cycle
and the area under the curdfieund by integrating the sus- in the temperature range 300—20 K. It is clear that Corning
ceptibility values over the entire temperature range dividedjlass is diamagnetic in the entire temperature range. The
by the calculated ar¢aThe resistivity of the films was mea- magnitude ofy” increases with a decrease in temperature
sured in the 300-20-K temperature range using a standafghtil it saturates in the low-temperature range. The negative
four probe technique in the same cryostat. For the resistivityalue of y” at temperatures>250 K is an artifact of the
measurements, four silver pads 2& apart were deposited |ock-in amplifier phase setting being90°. Figures 3 and 4
on the film surface and contacts were taken from them. show the real and imaginary parts of FC normalized suscep-
tibility variation over the 300—20-K temperature range for a
Cd,_,Mn,Te film on Corning substrate in the dilute regime
(X=0.02, both for the cooling and the heating cycle. It

The divalent Mn atoms have ai34s? configuration. Af-  shows a paramagnetic behavior without any magnetic phase
ter contributing the two 4 electrons to the lattice, Mfi ions  transformation since no abrupt changesyfhvalues are ob-

Ill. RESULTS AND DISCUSSION
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. . FIG. 4. Imaginary susceptibility versus temperature plot of
FIG. 2. Low-temperature susceptibility of Corning 7059 glaSS.X=O.02 films deposited on Corning 7059 glass at a 650-K substrate

fscl)sr the cooling and heating cycles. The data show thermal hySte”t'emperature.

served(Fig. 4). The thermal hysterisis effects are also ob-films with X=0.4 and 0.6, respectively. An occurrence of a
served in the real and imaginary parts of the susceptibility ifmagnetic phase transition, typically the formation of a low-
both the cycles. In contrast, for the CMT films having atemperature spin-glass phase in higkesamples, is indi-
higher Mn concentration range, the zero-field cooled samplegated. The different spin-glass transition temperatures ob-
exhibit a broad hump in thg' values at low temperatures served in the highex films are given in Table I. Information
(<40 K) and they” data also display a cusp at temperatures@bout the first-neighbor interaction can be obtained from the
somewhat higher than that for thé. The occurrence of the Spin-glass transition by application of a suitable model. We
broad hump instead of a sharp maxima in fids explained have applied the scaling mod@to such a transition assum-
on the basis of the interactions of the magnetic sublatticéng that for a continuous random distributioiR:} =const,
with phonons, which increase the effective relaxation time ofvhereR;; denotes the typical distance between the magnetic
the magnetic spins. Figures 5 and 6 showthendy” data  ionsi andj at concentratiorX. Using this expression, with a
for the ZFC and FC cases during the heating cycle for typicaknown functional form for the radial dependence of the ex-
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FIG. 3. Real susceptibility versus temperature plofXef0.02 FIG. 5. Normalized susceptibility plots fof=0.4 films depos-

films deposited on Corning 7059 glass at a 650-K substrate temited on Corning 7059 glass at a 650-K substrate temperature for
perature. both the field cooled and zero-field-cooled cases.
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TABLE I. The spin-glass temperatures and first-neighbor ex-
change integral values observed for different composition films.

0.0048 -

% Mn (X) Teg (K) J1/Kg (K)

units)

0.4 25.12 —-10.71
0.5 32.96 —-11.31
0.6 40.98 —-11.71
1.0 49.54 —8.49

1

0.0046 1

.

0.0044

neighbor exchange integral values thus obtained are also
given in Table |. Both the transition temperature and the
corresponding exchange integral have higher magnitude than
those reported for single crystals of £LgMn,Tel We also
observe that the magnitude of the first-neighbor Mn-Mn ex-
AN change integrafJ,) increases with increasing values. The

.00 .02 _Q.04 0.06 spin-glass transition is observed in only the ZFC susceptibil-
/T (K ) ity data, whereas the FC susceptibility data show no maxima
in the x¥' values, indicating that the spin-glass phase forma-
tion does not occur. This behavior can be understood in
CEerms of orientation of magnetic spins, as explained in the
next section. Figures 7 and 8 show ZFC and FC susceptibil-
ity data for films of CdTe(X=0.0) and MnTe(X=1.0), re-

change interaction, we get a theoretical prediction that can b%pectlvely. Itis inferred that the CdTe films are diamagnetic

compared with the observed experimental data. The fundl! natre, while the MnTe films are paramagnetic at higher

tional form used by us can be represented empirically in jemperatures and” S“OYV a spln?glass phaseddt K. Corre-
simplified manner 23 spondingly, they” variation with temperature for MnTe

films shows a cusp at a temperature somewhat higher than

ke Ty~AJ(R)S(S+1), (1) that of the_maxima in thee' _data. The__spin-glass phase as
observed in pure MnTe films significantly modifies the

whereA is an arbitrary constafd<<0.5 for our casedepen- temperature-dependent magnetic susceptibility behavior of

dent on the decay of the nearest-neighbor exchange. DetaildnTe and CdTe alloyed Gd,Mn,Te thin films.

of the exact procedure for a continuous as well as discrete Temperature-dependent resistivity variation for the

distribution of magnetic ions can be found elsewléré.  Cd,_,Mn,Te films with variousX values was also studied.

may be pointed out that the above equation is based on the the dilute regime, Cd.,Mn,Te films have a high resistiv-

assumption thal, is related to the interaction energy at an ity (of the order of 10-M)-m), while the resistivity of films

average distanceR) between the magnetic ions and only the

first-neighbor exchange interactions dominate. The first-

ized x (arb
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FIG. 6. Low-temperature susceptibility plots f&=0.6 films
deposited at 650 K on Corning 7059 glass for both the FC and ZF
cases.
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FIG. 8. Low-temperature normalized susceptibility plots for
FIG. 7. Normalized susceptibility plots for the pure CdDé  pure MnTe(X=1.0) deposited at 650 K for both the FC and ZFC
=0.0) films deposited at 650 K for both the FC and ZFC cases. cases.
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FIG. 9. Low-temperature resistivity plots for CdTe and MnTe
films deposited at 650 K on Corning 7059 glass.

with higher Mn concentratioriX=0.25 decreases to typi- FIG. 11. Typical normalized resistivity versus temperature plots
cally 0.5-MQ-m with increasingX. Figure 9 shows the char- for Cd,—Mn,Te thin films in alloy range0.1<X<1.0).

acteristic dependence of the low-temperature resistivity for

pure CdTe and MnTe films. The resistivity of CdTe films under the curve to present the data on comparable scales. We
increases initially with a decrease in temperature and satpee that the resistivity behavior of the films having I¥w-
rates to a constant value below 250 K, a behavior typical o¥alues is similar to that of the CdTe. The resistivity is con-
a high-resistivity semiconductor. The MnTe films, on thestant from 20 to 250 K and decreases thereafter. In the dilute
other hand, exhibit a broad minima at 130 K. Below 130 K,range, the CdTe films have the least resistivity which in-
the behavior of the film is semiconductorlike, and above itcreases with increase in Mn concentration. The normalized
the film behaves like a metallic film. This semiconductor-to-resistivity of the higheiX films is shown in Fig. 11 for typi-
metal-like transition has genesis in the magnetic propertiesal films havingX=0.25, 0.60, and 1.00. All the films ex-

of the material. Figure 10 shows the normalized resistivityhibit a resistivity transition from a semiconductorlike to met-
versus temperature plot for the films wihin dilute range, ~allike behavior. These transitions temperatures are
i.e., for X=0.00, 0.02, 0.04, and 0.06. The data have beemignificantly higher than the spin-glass transition tempera-

normalized with respect to the film surface area and the arefires. We expect that the interaction of electron spins and the
Mn magnetic moments is responsible for it, as discussed be-

low. An estimate of the defect densities, which contribute to

1.26 the two-electron interaction via the electron-phonon medi-
~ 1 Cd,_yMnyTe QQQQO X=0.00 tated exchange, made from the resistivity and optical-
0 177X cooop x=0.02 i i i i
—1.25 1 . absorption daff gives the density to be approximately
c ] 04 10°%cm? for all the higherX films. Due to the high defect
21,24 ] 6 density observed, the RKKY-like scattering interactions be-
. ] come as important as the BR mechanism which dominates
-8 1.23 1 at low defect densities in these films. Hence, the contribution
S ] of the RKKY interactions should also be taken into account
1.22 ] in addition to the superexchange phenomenon and BR
Q ] mechanism.
5 1.21 3
8 1.20 _ A. Effect of Mn on magnetic susceptibility
s ‘ It is evident from the experimental results that
£1.19 Cd,_,Mn,Te films exhibit susceptibility and resistivity be-
5 1 havior which directly depends on the Mn concentration re-
c 1.18 Iy gime. In the dilute range, behavior is akin to CdTe as the Mn

50 10

s
T (K)

ions behave like Cd ions because they are isolated magneti-
cally. The effect of the magnetic moment and its interaction
with the electron spins becomes pronounced for higher Mn
concentration filmgX=0.25 and different effects like spin

FIG. 10. Typical low-temperature normalized resistivity plots glass and semiconductor to metal-like resistivity transition
for Cd;_,Mn,Te thin films in dilute rangéX<0.1).

begin to manifest. An interesting observation is that the spin-
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glass transition temperature is higher in the films than that iHere, J, and ¢, are constants an#lc is the Fermi wave
the single crystals. Clearly, the exchange interactions due toumber of the host lattice, CdTe in our case. Thus, there are
Mn dominate in the films. The thermal hysterisis observed intwo competiting phenomena taking place within the material:
the films (Fig. 3) is understood on the basis of the time freezing of the spins and interaction of magnetic moments
dependence of the relaxation time. The relaxation time is thaith the phonons. Since the distances between the spins are
temperature-dependent time in which the spins interact withandom, some of the interactions favor a parallel alignment
the applied field which is modified by the kinetic interactionsand others favor an antiparallel alignment. Thus no single
taking place between the magnetic ions. Since the rate dhvorable alignment can be found, thereby freezing the mag-
cooling in the experiments is different from the rate of heat-netic moments in random directions on approachTr;:l,gg7
ing, the relaxation time for the above interaction will be dif- The phonons, on the other hand, prevent this freezing, lead-
ferent during the cooling and the heating cycles, thus givingng to the absence of a sharp transition. The real situation is
rise to the thermal hysterisis as observed in the films. Thenuch more complex than this simple picture, and involves in
nonobservation of the spin-glass phase in the FC susceptibikddition, the nearest-neighbor interactions between the mag-
ity can be explained on the basis of the behavior of magnetiaetic spins. When we take into account these interactions,
spins in the presence of an external static magnetic field. Th€urie-Weiss temperature can be written empirically as
magnetic spins are bound by the external static magnetic
field and thus are not able to respond to the dynamic excita- 25(S+1)
tion field. Hence, the behavior of the susceptibility in the 0X)=—3— > Ji(R)PK(R). (©)
field cooled mode is paramagnetic. B R
It is known that the dilute magnetic compounds exhibitHere p
the antiferromagnetic [I{AFM 111') ordering of the magnetic '

ions>< In the Cq_XMnXTe, the formation of the spin glass at constant,S—the spin quantum number=2 for Mn), and
low temperatures is a consequence of the frustrated ant|fe5<_the concentration of magnetic atoms. It is assumed that

romagnetic arrangement of the.Mn lons, which Iegds 10 3pe magnetic moment of the atom is independent of concen-
freezing of the spins in random directions under the mfluenC(-gration and temperature. Equatiéd) is qualitatively similar

of a magnetic field as the transition temperature is rea%%ed.to Eq. (1) above. This is because the magnetic subsystem in
This freezing Qf _s_pins corresponds_ to a cusp in t_he re_al Patt pMS consists of a random array of magnetic ions statisti-
of the suscept|b|I|ty valge for the_ f!lm, while the Imaginary cajly distributed over the cation lattice sites and coupled to
part shows a maxima in the vicinity of the transition tem- nearest and next-nearest neighbors by exchange interactions.

perature. The real part of the susceptibility at temperaturegy . cyrie-Weiss temperature probes the sum of all interac-
>100 K follows a Curie-Weiss lawy’' =C/[T—-6(X)], C P P

being the Curie constant ard(X) the Curie temperature tions, which, in our case, is antiferromagnetic. The low-
. .~ temperature spin-glass transition probes the long-ranged tail
When the temperature is lowered below 100 K, deviation P pin-g P g g

. i . ) %f the interaction, which also depends on the effective mag-
from the linear behavior predicted by the Curie law start | oic coupling of the magnetic ions and decaysRi¥

appearing in the/ behavior. This has been reported both inwheren is a fiting paramete?33 For materials where the

the metallic and insulating spin glassés?® indicating that spatial decay of exchange is fast>6 andJ,/J,<0.3), the

on a local scale, strong magnetic correlations start develogs, qominant interactions are the nearest-neighbor type and
ing far above the fr_eezmg temperaturés™ The freezing the two entities qualitatively describe the same interactions.
temperature of a spin glass has bee‘." shqwn to have a frg- The calculated values of nearest-neighbor exchange inte-
quency dependence.. .AS the measuring signal frequency Eral,Jl, are significantly higher in magnitude than those re-
increased, the transition temperature incred%ekhe fre- tgorted for single crystals of CMT in literaturevhich sug-

x(R) is the probability that an atom possesses mag-
netic moment, which is just the value,kg—the Boltzmann

guency dependence of susceptibility indicates that the estah-

lish full th | iibri b h .“gests stronger Mn interaction in high¥r-Cd;_,Mn,Te
Ishment of full thermal equilibrium between the magnetic ¢ \n jons occupy the substitutional as well as interstitial

spins in the films is a dynamic process affected by the Ioc. ites in the CdTe lattice at higher Mn concentratidhat

relaxation times. Superexchange in these materials is an iMRe substitutional site Mn forms the CdMn, Te lattice

. . . . . , X ’
d',riCt |n'terabc|t|orclj meditated b{} thl\?l ar'vlons. For d”'Vk:,%MS S whereas the interstitial Mn interacts with the neighboring Te
with a zinc-blende structure, the Mn-Mn second-, third-, andy,g and forms an interstitial MnTe sublattice, having prop-
fourth-neighbor exchange are all meditated by two aniongyies very similar to that of pure MnTe. The average mag-
and one catlo?_’f’ (sp-d exchangg The COMPEtItive process. pqyc properties of the Gd,Mn,Te films should thus be
of the scattering of charge carriers at the spin centers ifatermined by taking into account the contributions from this
presence of a magnetic field leads to an indirect exchangg pattice also. We observe that our MnTe films have a
Interaction mEd'tated thr(_)ugh phonons, W_h'Ch IS RKKY-like higher spin-glass transition temperature of 49.5 K as com-
in nature and which oscillates strongly with distariRée- ared to~42 K in the bulk. Recently, MnTe has been grown
tween the two spins. This phonon meditated exchange resullg; nqjecyjar-beam epitaxy in the zinc-blende phase which
in the observation of the large transition width, as phonong,5< 4 transition temperature of60 K and J,/kg~—12.3
increase the relaxation time of the freezing process and dp 38 5 high spin-glass transition temperaturia f?)r the MnTe

not allow the magnetic spins to freeze on approactigg  fjmg by implication should enhance the transition tempera-
The exchange interaction integibi(R) is written as tures for Cd_,Mn,Te films as well, if the MnTe sublattice
contribution to the overall magnetic properties are signifi-
3. (R)=J cog 2kgR+ ¢o) R o0 @) cant. With an increase in Mn ion concentration in the films,
1 0 (kFR)3 ' ' a corresponding increase in the first-neighbor exchange mag-
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nitude will imply that more Mn ions are occupying the inter- 30

stitial sites, resulting in increased Mn ion activity in the 3 Cd,_xMnyTe QOO0 CdTe
CdTe sublattice. If the Mn ions were to occupy only the - 0000 X=0.06
substitutional sites, the number of magnetic neighbors of a QQOQO X=0.50
magnetic ion would remain the same as the distribution of i+ MnTe
Mn in CdTe sublattice is generally random. Consequently, —_ dokkkok (7:82'3"‘9

the magnitude of the exchange integral would not be much_.@ 20
effected. c
The formation of the interstitial MnTe sublattice likewise =
effects the low-temperature electrical resistivity of the 15
Cd,_,Mn,Te films. When an external magnetic field is ap- ~
plied at temperatures close to the spin-glass transition tem-—
perature, the magnetic-field-induced tendency to align anng_o,1 0
the magnetic-field direction is countered by the lowering
temperature-induced spin-glass random freezing. This:
coupled with the fact that the susceptibility magnitude de- 5]
pends strongly on the time constant of the relaxation process
of the magnetic sublattice makes the observed susceptibility
values dependent on the input signal frequeticyhe spin-
relaxation times have been found to increase to a very large
magnitude as the spin-glass transition temperature is
approached® A large magnitude of the relaxation times,
which leads to the freezing of the spins in the magnetic
sublattice, indicates that the spin-glass phase is in a nonequf'gIr
librium state in the thermodynamic ser§eAn insight into
the dynamics of a spin-glass transition can be obtained by B. Low-temperature resistive properties
measuring the real and imaginary pa¢i¢ and y”’) of the
complex susceptibility(w).*>*! If the magnetization relaxes
with a single relaxation timesz, ', and y” can be expressed
for the input signal frequency, as
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FIG. 12. Real versus imaginary susceptibilitgole-Cole plots
some typical films of Cd_,Mn,Te.

Since the formation of the interstitial magnetic MnTe sub-
lattice influences the electrical resistivity, particularly at low
temperatures, this constitutes another way to study the spin-
glass phenomerf&*® The temperature dependence of the
electrical resistivity for CdTe and MnTe thin films are shown

_ in Fig. 9. Figures 10 and 11 show the low-temperature resis-
X' (w)=xs+ % (4)  tivity plots of Cd,_,Mn,Te films in typical dilute and alloy
w ranges corresponding to different valuesXof The films in
the dilute range show constant resistivity values in the 20—
and 250-K temperature range, with a nominal decrease above
250 K, typical of semiconductors. The highérfilms show a
contrasting behavior. They exhibit a transition from semi-
XT—Xs conductorlike behavior at higher temperatures to metal-like
1122 (5)  behavior below 100 K. In the diluté films, the resistivity of
the films increases as the Mn concentration increases. It im-
plies that Mn incorporation enhances {hdype nature of the
where 7 is static isothermal susceptibility ang, the static  as-deposited CdTe films. In the lodimit, Mn ions substi-
adiabatic susceptibility. The plot af versusy” with w as a tute the Cd ions in the CdTe lattice, and do not contribute
parameter, known as the Cole-Cole plot, vyields aextra charge carriers for conduction processes in the semi-
semicircle®® On the other hand, if the relaxation of the mag- conductor. However, as the Mn concentration in the films
netization process is governed by a distribution of relaxatiorapproaches alloy range<>0.20), the excess Mn ions get
times rather than a single one, these plots are described liycorporated at the interstitial sites in addition to the substi-
arcs rather than semicirclédThe plots for the films of typi- tutional ones. The interstitial MnTe sublattice, thus formed,
cal compositionX=0.00, 0.06, 0.50, 1.00, and Corning 7059 interacts with the Cg.,Mn,Te host lattice which results in
glass are shown in Fig. 12. We observe that the plot for thdilms with resistivity values much lower in magnitude than
CdTe (X=0.00 and MnTe(X=1.0) films describes a semi- the resistivity for pure CdTe. While the low-temperature re-
circle, indicating that the relaxation process in both the CdTssistivity of CdTe is of the order of 10-K3-m, the resistivity
and MnTe is governed by a very small bandwidth of relax-of X=0.25 film is of the order of 1-Mb-m. The X=0.60
ation time. As the Mn concentration in CdTe films is in- films have a resistivity of 0.1-M-m and the pure MnTe
creased to form the Gd,Mn,Te, the semicircle turns into films have a 1-K)-m resistivity at low temperatures. As
arc of semicircle indicating that the magnetic relaxation isshown in Fig. 11, initially the resistivity increases roughly
characterized by a broad bandwidth of times. The physicdinearly as temperature is lowered from 300 K. It shows a
origin of the distributed magnetic relaxation is attributed tobroad transition to metal-like resistivity behavior at a tem-
scattering processes at the magnetic moment sites in thgerature which is higher than the spin-glass transition tem-
semiconducting lattice. perature. The semiconductorlike resistivity in the higher-

X' (w)=oT1
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temperature region follows tHE? behaviort* whereas in the
metal-like region, the resistivity is proportional 6>24?

These temperature dependencies signify different scattering
mechanisms which affect the electron transport in
Cd,_Mn,Te films at low temperatures. The electron- 15
phonon scattering at the boundaries exhibit€ dependence

and at the spin sites follows the dependencé The resis-

tivity at low temperatures has been theoretically linked to the 13

Cd1_xM nxTe
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temperature variation of the spin-glass offileand to the X=0.00
elementary excitations in the spin glas$€d? The resistiv- €1 1 QooooD X=0.25
ity maximum is a consequence of Kondo-like interactions ~ Q0000 X=0.60
which take place between the magnetic moments and elec- 3 ++++4+ X=1.00
trons in the films and thus effect the spin-glass 93
properties®~52To better understand this resistivity behavior 3
in these films, we now examine the temperature dependence 3
of the relaxation timé’ 73 W

In an insulator, at temperatures above the Debye tempera-
ture, the relaxation is dominated by the phonon-phonon scat- o} T FrrTrTTTITTTYTTTYYY
tering. The Umklapp process is more important than the nor-  0.00 0.02 0.04 0.06
mal process. The number of Umklapp events that occur is 1/T (K'1)

proportional to the number of short-wavelength phonons

g;zsneir:]ﬁs -Il-ar::)sr ”sng“rif:tlt hat;hgrpé%glt?bmggrﬁtg? ﬁg:asrtlglity FIG. 13. Plots of Ip versus It1/T) for some typical films used
u IS d Yy proporti Y um for calculating the activation energy.

phonons associated with any mode in a material is propor-

tional toT. At temperatures well below the Debye temper""'resistivity is proportionally larger thag This effect is seen

ture, the phonon-phonon relaxation time shows an exponen e T2’ gependence of the resistivity observed in our films.
tial dependence on the temperature. As the temperature |4 charge-carrier densities observed in the higber-
decreases, the number of Umklapp events decreases Veiins are quite highn~10?%cm?) (Ref. 30 and remain con-

quickly and the phonon-phonon relaxation time increasesgiant throughout the temperature range studied. The Arrehe-
just as quickly*® Eventually, the phonon-phonon relaxation nious plots for some typical films of CdTéX=0.00),

time becomes much larger than the relaxation time for the. _q o5 60 and MnTéX=1.00 are shown in Fig. 13, in

defect and grain-boundary scattering and the later mechgge 300_20.K temperature range. We observe that the CdTe
hisms dominate. T?us the temperature-dependent resistivith g the jowx) films show an invariant resistivity behavior
follows the relatiof in the low-temperature range. Clearly, the ,CgMn,Te
films in the dilute range have a structure similar to that of the
A B CdTe having a homogeneous lattice with Mn at Cd substi-
p= FJF F+CT’ (6) tuted sites. As the Mn concentration increases, the films be-
gin to exhibit three distinct resistivity behaviors at different
ranges for the temperatures, e.g., 300-200 K, 200-100 K,
where the first term describes the boundary scattering, thend 100-20 K, which are characteristic of the
second, dislocation scattering, and the third, point defecsemiconductor- and metal-like behavior. The activation en-
scattering. FactoA depends on the sample dimensioBss  ergy for these different regions was calculated by a linear fit
proportional to the number of dislocations, a@ds propor-  of the resistivity data. Figure 14 shows the calculated activa-
tional to the number of point defect5#8 For any material at tion energies for the different regions in films with various
low temperatures, the boundary scattering dominates and tlmmpositions with respect to the Mn concentration. We ob-
resistivity is proportional tar3.*® In a semiconductor, if the serve that while CdTe has a single positive activation energy
electron and hole concentrations are nearly independent difiroughout the temperature range studied, indicating a semi-
temperature over a wide temperature range, the temperatucenducting behavior, all the other films have different acti-
dependence of the resistivity is determined by the carriewation energies in the different temperature ranges. The ac-
mobilities. However, a different temperature dependence i§vation energies are much smaller than the band-gap
observed when the relaxation times show a significant enenergies as determined from the optical measurements.
ergy dependenc®.A simple model of electron-phonon scat- Clearly, low temperatures, the conduction in these films is
tering predicts the resistivities to be proportionaltd?, if dominated by the scattering.Excess carriers are generated
the bands are assumed to be parabolic and the Debye ag@ose to the valence band by magnetic Mn ion dopings in the
proximation is valid*® In semiconductors, the occurrence of films. The activation energy dependence at low temperatures
several equivalent minima in the conduction and severails suggestive of thes-d interaction between thes-like
maxima in the valence barmiscomplicates the scattering conduction-band electrons andi-type transition-metal
process as scattering from one minimum to other or from onémpurities>*°** This interaction is a strongly localized pertur-
band to other can occtf:>! Further, the bands are not para- bation on the electron gas. On treating the whole effect as an
bolic and optical-phonon scattering at high temperatures caexternal perturbation, it gives rise to an oscillating term of
also occur?®® As a result the temperature exponent of thewave number Rr (kg being the moment at the Fermi leyel
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FIG. 14. Activation energies in different temperature ranges as
calculated from Fig. 13.
FIG. 15. Inp/X") versus InT) plots for some typical films. The
falling off as 13 at large distance¥. This is the RKKY  slope of all the films differs froms.
interaction which provides a mechanism for the coupling of

two adjacent magnetic ion spin$The excess of down-spin _2h 72\ ¥ gug 1

s electrons in the vicinity of an up-spin impurity, induces a Tsd 1 T 2m) | 31/N) 3x'(T)" (8)
corresponding up spin on any other impurity spin in its

neighborhood. This type of interaction gives rise to complex 37m [ 2m\¥?/J;/IN

magnetic and thermal effects in the dilute alloys where the  p(T)=g— wﬁz) On (ke T)¥43x'(T)), (9

Mn magnetic ions are distributed at random on the solvent
CdTe lattice* The spin-dependerg-d interaction is also where w is the frequency of measurement of dynamic sus-
responsible for the effects observed in the low-temperaturgeptibility, n the number of charge carriers, and,'3T)

electrical resistivity’> The nonvanishing residual resistivity — (2! +y,) is the susceptibility of the filmi’ Thus, from
at zeroK caused by charged impurities is independent ofihe above two equations, we can write
temperaturé® The probability of scattering from a charged

magnetic impurity on integration throughtidermal layerof p(T)
kgT thickness for an energy levet{—D) below the Fermi In W} =A+3 InT, (10
level, gives the resistivity a3 X
whereA is a constant. A plot of Ip(T)/x'(T)) versus In{T)
p(T)=po{1—2(I/N)N(ep)In(D/KT)}, (7)  should thus give a straight line of slogeWe have plotted

Eqg. (9) in Fig. 15. We observe a deviation from linearity in
whereN(eg) is the density of states at the Fermi level, andthe vicinity of spin-glass transition temperature. The peak
N is the total number of atoms per unit volume. Sidges  like features observed in most cases is an artifact of the
essentially negative, this predicts a rapid increase in the reshange in phase angle of the output signal in the susceptibil-
sidual resistivity as the temperature faff$* Thus, the resis- ity measurements. The measured slope of the linear portion
tivity maximum observed in the films is indicative of the is —1.43 for the CdTe and<0.5 for all the Cd_,Mn,Te
antiferromagnetic ordering of the magnetic spins takingfilms. This deviation is significant and is the same for all the
place at low temperatures in the alloyed ;CgMn,Te  measurements, thus not caused by the experimental errors.
flms.>* This is also borne out by the density of statesClearly, the assumption that tideelectrons are tightly local-
calculations®® which show a significant increase in the im- ized is not valid. The crystalline bond ionicity of MnTe is
purity density of states as the Mn concentration is increasefl.38 (Ref. 57 and that of CdTe is 0.7Z. Considerable co-
in the Cd _,Mn,Te films. With increasing Mn concentration valency in the case of MnTe and hence in,CgMn, Te sub-
the antiferromagnetic ordering temperature also increasestantiates the possibility of delocalization of theslectrons
which should result in higher spin-glass transition temperaand thed-d transitions do take place. These delocalized elec-
tures, as indeed observed in the films. trons contribute to the optical, electrical, and magnetic prop-

The correlation between the low-temperature susceptibilerties of Cq_,Mn,Te films. The CdTe films exhibit a slope
ity and electrical resistivity of the films has been calculatedof 1.43 in the absence af-electron contributions from the
by s-d exchange model given by Sugihata’ assuming the MnTe sublattice and also due to high Cd-Te bond ionicity.
localization of thed electrons. For an antiferromagnet, the Although the interpretation of the resistivity data has yielded
relaxation timer,4 and resistivityp,q can be expressed®s an indirect information about the nature of spin glasses, a
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more comprehensive theory may be required for the study ofentration(X>0.25 films exhibit a low-temperature phase
spin-glass dynamics. At standard magnetic transitions, therhich has been shown to be spin glass. The spin-glass tran-
electrical resistivity has an energylike behavidf®The lack  sition temperatures and consequently the first-neighbor ex-
of any detectable singularity in the resistivity data of the spinchange interaction between the Mn ions have been found to
glasses shows that they are first-order transitf8ns. be higher for the thin films than those reported for the single
crystals. These have been shown to be a consequence of the
interstitial MnTe sublattice formation in the high Mn con-
centration films. These Mn interstitial states have been
Thin films of Cd_,Mn,Te in a wide Mn concentration Shown to be nonlocalized in nature due to the high covalent

range[dilute (X<0.1) as well as alloyedX>0.1)] have been nature of the Mn-Te bond.
prepared by sublimation on Corning 7059 glass substrates.
The dynamic susceptibility and electrical resistivity measure-
ments have been performed in a 300-20-K temperature
range. The films have been found to be paramagnetic at tem- One of the author§S.C) would like to thank Dr. Kanwal
peratures>100 K. While the films in the dilute range exhibit Jeet Singh for many helpful discussions and P. D. Paulson
a behavior like that of the CdTe films, the higher Mn con-for help in deposition of the thin films.

IV. CONCLUSIONS
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