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The results of the Shubnikov-de Ha&SdH effect and magnetization of single crystals of
(Cdy_x—yZn,Mn,);As, (CZMA) are presented. Specimens with-y=0.3 andy=0.04, 0.06 and

0.08, subjected to long-time thermal annealing, were studied. SdH effect was investigated in fields
B up to 11 T in the temperature rangje=4.2—20 K. Magnetization was measuredBat5. 5 T and

5 K=T=20 K. SdH oscillations were analyzed taking into accdiinthe anomalous magnetic field
dependence of the cyclotron mass observed recently in CZMA,(iandhfluence of thes—d
interaction to the effectivg-factor (g«) of conduction electrons. The dependencggfon B and

T was introduced in the analysis of the SdH oscillations by fitting the magnetization data with the
effective Brillouin function. Values of the exchange-independent pagtfthe exchange constant

in the conduction band and the spin-dependent part of the Dingle temperature were determined.
© 1997 American Institute of Physid$50021-897@7)22408-4

I. INTRODUCTION onstrates qualitatively the coexistence of the “exchange-
dependent” g.+ and the anomalous magnetic field

Recently the Shubnikov-de Hag$dH) effect was stud-  dependence ofn, in one and the same material. However,

ied in diluted 1=V semiconductor¢Cd, _,_, Zn, Mn,);As,  the analysis of the SdH effect performed in Ref. 3 is insuf-

(CZMA) with x+y=0.3 andy=0.08, and strong magnetic ficient (see Section I)lbecause no parameters characterizing

field dependence of the cyclotron mass according to the lawhe interaction of the electrons with localized magnetic mo-

m.(B)=m,(0)+ a.,B [with m.(0)/my;=0.028-0.042 and ments have been determined.

aJmy=0.008-0.012 T '] was established in samples with Here we report the results of measurements of the SdH

y=0.04-0.08. The dependence wi, on B has not been oscillations and magnetization on the annealed CZMA crys-

predicted theoretically or observed earlier in diluted mag4als. Investigations of both effects in the same specimens

netic semiconductor€DMS). Additionally, CZMA crystals  offer the possibility of elucidating more information about

demonstrate a set of unusual properties which in conventhe s—d interaction and spin-dependent scattering of con-

tional DMS are less presented or not observed at all. Amonguction electrons, and complementing the edrflemalysis

them are the high-temperature spin-freezing effect, thef the SdH effect in CZMA.

anomalous magnetoresistance and the strong dependence of

hopping conductivity on Mn concentratiésee Refs. 1 and 2 || EXPERIMENTAL DETAILS

and references thergirThese phenomena were explained by ) ]

taking into account the complex crystal structure of CZMA ~ CZMA single crystals withx+y=0.3 andy=0.04, 0.06

and the remanent disorder of its metallic sublatfickhis ~@nd 0.08 were grown by a modified Bridgman met“hgdd

allows to suppose the same reason, remanent lattice disord¥f€re subjected to thermal annealing in vacuum during four

to be responsible for the cyclotron mass anomaly observed iionths at 100 °C.- Magnetoresistance measurements were

CZMA.! However, further investigations are required to sup-made in the temperature range from 4.2 to 20 K in the trans-
port this conjecture. verse magnetic field configuratioiBL j) between 6-11 T

Investigations of as-grown CZMA crystals with rather PY Using the six-probe dc techniduend electrodes fixed by

high spatial inhomogeneity of the electron concentratiorrc'OIde””g' Magnetization measurements were performed be-

gave no evidence for the field or temperature dependence &€€n 5 and 20 K in magnetic fields up to 5.5 T by using a
the effectiveg-factor (g.q) of the band electronsOn the commercial SQUID magnetometer. The measurement is

other hand, the sensitivity @f.+ to B or T is a characteristic made _by cooling the specimeq from 3OO.K in zero field gnd
feature of DMS and results from ttee- d exchange interac- recording the data by increasing step-wise the magnetizing

tion between electrons and localized magnetic moments. Irf—'eld'

fluence of thes—d interaction to the band spectrum of DMS

modifies the content of harmonics in the SdH oscillations inlll. EXPERIMENTAL RESULTS

different field or temperature intervals. In a recent sfudy The SdH oscillations observed in the CZMA specimens
CZMA crystals were subjected to long-time thermal annealy,;ii, y=0.04, 0.06 and 0.08 are displayed in Fig. 1. The
ing to reduce the fluctuations of the carrier concentration. "l:onductivity is presented in arbitrary units because only rela-
the annealed crystals the dependencenpfon B was 0b- e magnitudes of SdH amplitudes are significant. The SdH
served along with presence of the first and the second hagyncentration determined from the frequency of the SdH
monics in the spectrum of the SdH oscillatiochhis dem- maxima (negy=2.4, 2.1 and 2.810' cm 2 for y=0.04,
0.06 and 0.08, respectivelys in excellent agreement with
dAlso with: Institute of Applied Physics, 277028 Kishinev, Moldova. the Hall concentratiomy . Presence of the first and the sec-
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FIG. 1. SdH oscillations in the annealed CZMA crystals wjt0.04 at L. L )
T=4.2 K (1) and 10.7 K(2), y=0.06 atT=4.2 K (3), and y=0.08 at FIG. 3. Magnetic field dependence of the magnetization of the crystal with
T=10.1 K (4). ' ' y=0.04 at 5 K(1), 10 K (2), and 20 K(3). The solid lines are the best fits

of the experimental data with the valuesg#,=2.15+0.02, 2.45-0.03 and
2.38+0.07 andT,=5.5+0.1 K, 7.7£0.2 K and 6.8-0.8 K for curves 1, 2
and 3, respectively.

ond harmonics of the SdH oscillations is evident from Fig. 1

and is attributed to the exchange-dependggt The ampli-
tudes of the firs{A,) and the secondA,) harmonics were
determined using a conventional methdsee Fig. 2 In Ref. 3 the SdH oscillations measured on the same
samples were analyzed in the field and temperature region
where the effects connected with tke-d interaction and
spin-dependent scattering of conduction electrons can be ne-
100 glected(i.e., omitting the exchange-dependent contribution
to ger). The linear dependence ofmn. on B with
m(0)/my=0.023-0.036 and a./my=0.005-0.015 T*
was established by using two different methods. Values of
the Dingle temperaturd,=18-22 K, were found to be re-
duced compared with those determined for the as-grown
crystals(Tp=32-39 K.1
With increasing temperature or magnetic fiekd, ap-
proachesA; or even exceeds {hat is evident from Fig. )L
demonstrating influence of thed interaction tog;. This
suggests that the effectiggfactor of the band electrons is a
function of temperature and magnetic field in the investi-
gated samples. To take this into accogsge Section 1Y,
magnetization measurements have been performed. The de-
pendence of the magnetization on the applied magnetic field
is shown in Fig. 3 for one of the specimens.

—

AMPLITUDE (A. U.)
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IV. DISCUSSION

The amplitude of theth harmonic of the SdH oscilla-

FIG. 2. Magnetic field dependence of the SdH harmonic amplitudes in atlons can be written ds
crystal withy=0.04 atT=4.2 K (O) and 7.0 K(V) and in a crystal with

y=0.08 atT=4.2 K (A) and 7.3 K([O). The solid lines represent the best /_rB rzT,

fits of the experimental data to Eql). Lines 1-3 are calculated with A=——exp — b F.(T,B) )
5Tp=0.2 K, 0.5 K and 0.9, K, respectively. " sinh(rz) T rnoen
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TABLE I. Values of the exchange constant\,, the exchange-independent Fig., 2 along with the experimental data. Generally, is

part of the effectiveg-factor,g*, and the spin-dependent part of the Dingle

found to be more sensitive to the variation & thanA;.

femperaturedTo The dependence of both amplitudes on this parameter de-
T —aN, 5Tp creases wheifl is increased. It may also be concluded that
y (K) (meV) -9 (K) 6Ty decays rapidly with growing temperatuf&able ).
0.04 42 226-20 19+1 21402 Such behaviour 06T agrees completely with that observed
7.0 250-20 17+1 0.9+0.1 in other DMS®?°
10.7 270-10 18+1 0
0.06 4.2 23@:30 20+2 0.5+0.2 V. CONCLUSIONS
9.1 27040 20+3 0
0.08 4.2 23620 18+1 1.3+0.3 The analysis of the SdH effect in annealed CZMA crys-
7.3 220-10 171 0.6£0.2 tals has been performed taking into account both the anoma-
10.1 270-20 18+2 0

lous magnetic field dependence of the cyclotron mass and

influence of thes-d interaction to the effectivg-factor of
the band electrons. The functiong(B) obtained earlier on
the annealed crystdlsvere used in the present study. The

wherez=ym,T/B (m. is in units ofm,), y=14.68T/K and  dependence ofl« on temperature and magnetic field was
F,=[2 cosl{2rzsTp/T)+2 Cos(zﬂrv)]lf% Here TD:(TTD introduced in the analysis of the SdH effect by using the
+TE)/2 and 6Tp= (TE—TE)/Za whereTE} are the Dingle results of the magnetization measurements made on the same
temperatures for spin-up and spin-down electrons, respe&ZMA specimens. By fitting the dependence of the first and
tively. Taking into account the relatively wide ga,~0.3 the second harmonic amplitudes on the magnetic field values
eV ! the effectiveg-factor for thel's conduction band can be of the exchange-independent partgy;, g*, the exchange
expressed agqr=9g* +Nga(S,)/ ugB, whereNg=N, vy is constant in the conduction band, and the spin-dependent
the Mn concentration,« is the constant of the exchange part of the Dingle temperaturéT, , were determinedTable
interaction in thd's band,g* is the exchange-dependent part ). The values ofg*, @ and 6T, are reasonable and agree
of gy and(S,) is the mean value of the projection of then  With those determined in other DMS!°This gives evidence
ion spin. The latter is connected with the magnetizationfor coexistence of the two effects, the influence of thd
M =Ngug(S,), Whereg~2 is the Landefactor. To take interaction to the effectivg-factor and the anomalous mag-
into account the generation of the magnetic clusters the magretic field dependence of the cyclotron mass, in the same
netization is expressed usually with the phenomenologicamaterial.
equation  M=gNSyugBs(é),  where  &=gSugB/
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