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We present a systematic study of the ferromagnetic transition induced by the holes in nitrogen doped
Zn, _,Mn,Te epitaxial layers, with particular emphasis on the values of the Curie-Weiss temperature as a
function of the carrier and spin concentrations. The data are obtained from thorough analyses of the results of
magnetization, magnetoresistance, and spin-dependent Hall effect measurements. The experimental findings
compare favorably, without adjustable parameters, with the prediction of the Rudermann-Kittel-Kasuya-Yosida
(RKKY) model or its continuous-medium limit, that is, the Zener model, provided that the presence of the
competing antiferromagnetic spin-spin superexchange interaction is taken into account, and the complex struc-
ture of the valence band is properly incorporated into the calculation of the spin susceptibility of the hole
liquid. In general terms, the findings demonstrate how the interplay between the ferromagnetic RKKY inter-
action, carrier localization, and intrinsic antiferromagnetic superexchange affects the ordering temperature and
the saturation value of magnetization in magnetically and electrostatically disordered systems.
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I. INTRODUCTION were deduced from the Hall resistivity, measured under such
conditions that the spin-dependent component is negligible,
The possibility of controlling ferromagnetic interactions i.e., either at room temperature, or at low-temperature in a
between the localized spins by the carritrsas well as the high magnetic field. We show that the observed values of
demonstration of efficient spin injection into a normal T, are well described by a mean-field model, in which the
semiconductof;® have recently renewed the interest in di- hole-mediated exchange interactions are treated either in
luted magnetic semiconductof®MS).° If made functional terms of Rudermann-Kittel-Kasuya-Yosidd&RKKY) cou-
at reasonably high temperature, ferromagnetic semicondugling mechanismi, or by its continuous-medium limit, i.e.,
tors would allow one to incorporate spin electronics intothe Zener model**1*when the hole density is not too high.
usual electronics, and even path the way to integrated quamccordingly, three parameters govern the carrier-induced
tum computers® Up to now, the carrier-induced ferromag- ferromagnetism: the spin-carrier exchange integrahe ef-
netism has been observed in lead-salt materialsiective content of magnetic ionss, and the spin suscepti-
Pbl_x_ySrg,MnXTe,l and in molecular beam epitaxMBE)-  bility of the carrier liquid x,,. These three parameters are
grown semiconductors with the zinc-blende structurewell known or can be readily evaluated fprZn, _,Mn,Te.
In;_xMn,As (Ref. 11 and Ga_,Mn,As, (Refs. 2 and 1Ras  Our findings emphasize the importance of taking carefully
well as in p-doped Cd_,Mn,Te quantum wels and into account the competition between ferromagnetic and an-
Zn;_,Mn,Te epilayers,in which the observation of the on- tiferromagnetic interactions as well as the complex structure
sets of magnetic ordering in the temperature range betweendf the valence band in the calculation gf .'* Finally, we
and 3 K corroborated theoretical predictich¥hus, while  discuss the case of lower doping, for which the onset of hole
promisingly high Curie temperatureBg up to 110 K>*?are  localization is clearly observed. We show that localization
observed in the GaAs-based compounds, they are dramatioes not perturb significantly the magnitude of Curie-Weiss
cally lower in the 1I-VI DMS structures studied so far. How- temperature, but reduces the saturation value of magnetiza-
ever, the 1l-VI compounds appear as model materials, inion and gives raise to slow spin dynamics.
which localized spins and the holes can be introduced and The heavily doped DMS studied here lie in-between the
controlled independently, and modulation-doped heterostrucase of diluted magnetic metdfwhere the standard RKKY
tures are feasible, so that dimensionality effects can be exheory is applicable, and lightly doped DMSor which car-
amined. riers thermally excited to the batfthnd interactions between
In this paper, we present the phase diagram of nitrogenbound magnetic polarohshave been suggested as agents
doped p-Zn, _,Mn,Te, i.e., the dependence of the Curie- mediating the ferromagnetic coupling. Our results make it
Weiss (CW) temperaturel ,y on the Mn contenk and the  possible to identify differences and similarities between fer-
hole concentratiop. The values off oy andx were obtained romagnetic 1lI-V and II-VI material systems. Furthermore,
from magnetization measurements, while the hole densitiethe findings demonstrate how spin-orbit coupling, the com-
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peting antiferromagnetic interactions, and the presence of TABLE I. Characteristics of the studied samples of
electrostatic disorder affect the carrier-induced ferromagZni-xMn,Te:N. Hole concentratiop was determined from Hall
netism. The Stoner ferromagnetic instability in disorderedesistance, whereas effective Mn contegt and the Curie-Weiss
conductors at low temperatures have recently been discusséinperaturelc,y from magnetic susceptibility at<4T<20 K, ac-
theoretically*®'® We hope that our results will stimulate a cording to procedures described in Sec. IIl.

similar analysis for the system of localized magnetic ions

—3
coupled ferromagnetically by carriers at the boundary of the plem™] Xeif Tewl K]
Anderson-Mott localization. 1.2% 107 0 0
1.2x10%° 0.015 1.45
Il. SAMPLES AND EXPERIMENTAL SET-UP 7x10% 0.005

3x10° 0.025 2.3

anl,XMnxTe:N layers were growhby MBE_ on a 800 1.5x 1019 0.027 2.4
um-thick (001 Cd0_962n0_04Te substrate, on which a 300 nm 9% 108 0.0315 0.75

CdTe and 200 nm-thick ZnTe buffer layers were deposited, 8% 107 0.0285 04

the latter much thicker than the critical thickness of the
ZnTe/CdTe system. The active layer,ZpMn,Te:N, typi-

cally 500 nm thick, was grown at 300 °C. The thickness of
the active layer was estimated from the growth rate. Ou

measured with an applied magnetic field up 20 kG and from
foom temperature down to 1.5 K. A temperature indepen-
dent, diamagnetic behavior was observed in this whole tem-
?)erature range. We attribute this diamagnetic moment to the
800 um-thick substratédue to the thickness ratio, the con-
tribution from the epilayer is three orders of magnitude
smallep: It corresponds to a diamagnetic susceptibiliper

unit volume xeupsrai= — 1.3X10 8e.m.u, in agreement
with values known for bulk materials. We found no contri-
bution from residual paramagnetic impurities in the substrate
r in the ZnTe epilayers. In all samples with a;ZgMn,Te

. - pilayer, an additional, temperature dependent contribution
between room temperature and 1.5 K in a magnetic figjd could be observed below 80 K, which we attribute to the Mn

up to 110 kOe, applied in the direction perpendicular to thespins. Above 100 K, this paramagnetic contribution becomes

film surface. In this geometry, there is no magnetization Cor'negligible with respect to the diamagnetic moment of the

rections to the externa_l magnetic field acting on the Carrersy pstrate(this is essentially due to the thickness ratio be-
B=H,. At the same time, the field acting on the localized

_oor T .2 ; tween the Zp_,Mn,Te layer and the substrateThen, on
spins is diminished by the demagnetlzanon correctidn, each sample, the Zn Mn,Te contribution to the total mag-
=Ho—4mM. Forx=0.015, the field produced by the satu- nefic moment was obtained from the measured signal, by
r_at_ed Mn spins i8;=4mMs=154 G. Typically, the conduc- subtracting the diamagnetic contribution from the substrate
tivity and the Hall voltage were measured orx 50 mn?

e ) X as determined on the same sample above 100 K.
samples with six gold contactsithout etching a Hall bar Table | presents the hole concentratipras well as the
using a d.c. current between 0.1 nA and 1 mA. For

) . . deffective Mn contenk.s and Curie-Weiss temperatufe,y,
Z_n0-981Mn0-019Te'N sample with the highest hole concentra- o5 getermined for the studied samples according to proce-
tion the measurements were extended down to 100 mK withy ,res described in the next section.

the use of the lock-in technique. Magnetization studies were
carried out down to 1.5 K employing either a superconduct-
ing quantum interference devi¢d®QUID) set-up(with the Ill. EXPERIMENTAL RESULTS
magnetic field up to 1.3 kQeor a vibrating sample magne-
tometer(with the field up to 20 kOg In both cases the field
was applied in the direction parallel to the film surface, so The binding energy of an effective mass acceptor in
that no demagnetization effects had to be taken into accounZnTe, evaluated from the Baldereschi-Lipari mddetith

The values of hole and Mn concentrations were obtainedhe published values of the Luttinger parameters for Z#Te,
from the studies of the Hall effect and magnetic susceptibilis 59 meV. The same calculation gives the effective Bohr
ity, respectively, according to procedures described in detailadius,a* ~1.3 nm, which leads to the Mott critical density
below. A hole concentration as high as £.20°°cm 3 was  N,=(0.26A*)3=0.8x 10'° cm 3. Experimentally, substitu-
obtained in the case of ZnTe andZgMn o1oTe epilayers.  tional nitrogen forms an even slightly shallower acceptor,
To our knowledge, this is the largest hole concentration evewith a binding energy as low as 53 mé¥A ZnTe sample
achieved for any II-VI semiconductor. However, the dopingwith p=1.2x10?° cm 2 is clearly metallic, according to
efficiency tends to decrease when the Mn content increasesjeasurements down to pumped liquid helium temperature
either with or without additional Zn flux during the growth, [Fig. 1(@)]. The conductivityoc of a Zm_,Mn,Te sample
so thatp=<10'°cm 2 for x=0.05. The magnetic moment of a with x=0.019 and with the same hole densitp={1.2
reference sample containing a ZnTe:N epilayer has beex 10°° cm™3) is remarkably identical, if measured in a mag-

flux from a ZnTe load and simply adding a Mn flux during
the growth of the active laygresulting in rather rough sur-
faces, or by using a Zn rich fluxadding an excess of Zn
from an additional Zn cell, approximately 50% of the Zn flux
from the ZnTe cell, which gives a smooth surface. A home-
designed electron cyclotron resonan@&CR) plasma cell
served as a source of atomic nitrog@n.

Resistivity and Hall effect measurements were performe(g

A. Conductance and magnetoresistance
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FIG. 1. Conductivity of ZnTe:N and Zn,Mn,Te:N as a function of the inverse temperature with@tand with (b) an applied
magnetic field of 110 kGs; up-triangles stand for ZnTe with 1.2x 10?°cm™3; other symbols are for Zn,Mn,Te with x=0.019 andp
=1.2x10P%cm 2 (squarel x=0.005 ando=7X 10°cm 3 (circles, andx=0.038 andp=3x 10°cm 2 (down triangles The inset toa)
shows the temperature dependence of conductivityf08.019 ando=1.2x 10°° cm~2 in zero magnetic field. The lines are drawn through
experimental points; the solid line, drawn in ba#) and (b), represents the temperature dependence of resistivity in the metallic ZnTe
sample in zero magnetic field. The data point to temperature dependent localization by magnetic disorder, an effect suppressed by a high

magnetic field.

netic field, as shown in Fig.(lh), where data taken in 110 the localization boundary. Under the same conditions, a
kOe are summarized. The same plot illustrates how the corstrong spin dependent scattering of itinerant carriers by fer-
ductivity decreases when the hole concentration diminishespmagnetic spin puddldbound magnetic polaron8MP)]
and demonstrates that the temperature dependence of tte thought®?” to account for the shifting of the metal-
conductivity remains weak even for the less doped sampleésulator transition(MIT) towards higher impurity concen-
(with p=3x10*cm™3). In particular, the conductivity of all trations as well as for the rapid increase of the resistivity
samples in the magnetic field stay higher or of the order ofvhen decreasing the temperature, and the associated unusu-
the Mottt minimum metallic conductivity o, ally strong negative magnetoresistance. The latter is en-
~0.0N%e?/h~15 Scm'. hanced by the increase of the carrier kinetic energy, which
The situation is very different without the applied field results from their redistribution between the spin subbands,
[Fig. 1(a)]. The sample with the highest doping level exhibits an effect particularly important ip-type DMS?2°
a small decrease of conductivity-by a factor of 2.5 between In conclusion, the studies of conductance as a function of
10 and 0.1 K, as shown in the inset to Figa)l Thus, this temperature and magnetic field reveal qualitatively similar
sample has to be considered as metallic, also in the absenpgoperties ofn-type andp-type 1I-VI DMS in the vicinity of
of the magnetic field, as its conductivity remains an order othe MIT. In particular, the temperature dependent localiza-
magnitude greater tham,,;,, even at 100 mK. In contrast, tion and negative magnetoresistance indicate that the effi-
the conductivity of samples with slightly smaller hole con- ciency of spin disorder scattering increases at low tempera-
centrations decreases rather dramatically when lowering thigire. This means that ferromagnetic correlation grows when
temperature indicating that the holes become localized at lowhe temperature decreases. However, the correlation length
temperatures in the absence of the field. Such localizatioaf some ferromagnetic puddles has to remain small, of the
induced by magnetic disorder was also detected irprder of the de Broglie wavelength of the itinerant holes, to
Bridgman-grown Zp_,Mn,Te:P with p<10' cm 3.2 we  result in efficient scattering of the hole spins.
have checked that no reentrant metallic behavior occurs in
such samples down to 100 mK. In contrast, a comparison of
Figs. 1@ and Xb) points to the presence of a field-induced
insulator-to-metal transition, and indeed a cologsaveral Figure 2 shows the Hall resistivity,, measured at vari-
orders of magnitudenegative magnetoresistance is observedus temperatures for the highly doped (4gMng o oT€
at low temperature. Additionally, a weak positive magnetoresample. The quoted hole concentration is deduced from the
sistance in the low field range is also visible, as reportedlope of the room temperature Hall resistance. We found that
elsewheré? Pxy is linear in the magnetic field and temperature indepen-
The above effects, the temperature dependent localizatio#ent down to 150 K. In the case of the ZnTe sample, this
as well as the positive and negative magnetoresistances, arermal Hall effectp,, linear in the fieldH and temperature
qualitatively similar to those observed previously fetype  independent, is observed down to 1.6(Kot shown. By
DMS.>?>28|n particular, the positive magnetoresistance re-contrast, in the case of Zn,Mn,Te, when decreasing the
sults from the giant Zeeman splitting of band states in DMStemperature below 100 K, one observes first an increase of
which modifies quantum corrections to the conductivity atthe slope of the Hall resistance, and then a strong nonlinear-

B. Hall resistivity
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o
[ ]

— ture, though its accurate determination in this region is ham-
pered by the large value of the resistance and a strong
magnetoresistance. As mentioned above, the Hall resistance
provides direct information on the degree of spin polariza-
tion P of the carrier liquid. However, depending on the
dominant mechanism leading to the extraordinary Hall
effect?® P is proportional either to the Hall angl@~ (py,
—pffi,’)/pxX (“skew scattering” mechanisinor to the off-
diagonal  conductivity component, P~ (px,— p'S)/px
(“side jump” effect). Accordingly, the form ofP(T,B) de-
duced from the Hall and resistivity measurements depends

19% Mn,p=12x 10" cm®

Xy

Hall Resistivity o (mQ cm)
o

0.0 E ] on the assumed model. The work aiming in elucidating the
0 50 100 actual origin of the extraordinary Hall effect jrtype DMS
Applied Field (kG) is under way.

FIG. 2. Hall resistivity versus magnetic field at different tem-
peratures, from room temperature down to 1.7 K in metallic
P-Zng 95MNg o197 €:N. The nonlinear temperature dependent com- 1. Antiferromagnetic superexchange

ponent is assigned to the extraordinary Hall effect, which strongly Th . . f und d.ZaMn.Te |
increases on approaching the ferromagnetic phase tranggem e magnetic properties of undoped;ZgMny ? aygrs
Fig. 4). and bulk crystals are well known and the magnetizakibm

the magnetic fieldH can be described by a modified Bril-
; H 9,30
ity. This “extraordinary” (or “anomalous’) spin-dependent louin functionBs,

C. Magnetic properties

Hall effectp{3” has already been discussed in Ref. 24. It is SqugH
clearly observed in 1l-V DMS, but not in n-doped II-VI M = SgugNoXeBs| _-9B | (1)
DMS % Its large magnitude stems from the importance of the Kg(T+Tap)

spin-orbit coupling in the valence band and from the largerye corresponding low-field susceptibility is given by
polarization of the hole liquid. The latter results from the

giant Zeeman splitting of the four hole subbands, which is Xvn=CoXeii (T+Tpp), 2)
proportional to the magnetization of the Mn spins. At low
temperature and high field, the Mn or the hole spin polariza- Co=S(S+ 1)gfnnM§No/3kB, 3

tion saturates, and then the Hall resistivity exhibits again a i
linear dependence on the applied field, with the same slop&here the Mn spirS=5/2 and the Landéactor gy,=2.0;
as at room temperature. Thus, while the spin-dependent corfhe density of cation sites in ZnTe = 1.76< 10°* cm >,
ponent is too large to allow us to determine the hole densityrhe two empirical parametesg,<x and Tae>0 take into
at low temperatures and in small fields, its magnitude beaccount the antiferromagnetic superexchange interaction be-
comes negligibly small at room temperature, or at low-tween the Mn spins. At temperaturés<20K, the effective
temperature in high fields. For these two cases, the slope @fensity of spinxezN, is smaller than the density of Mn ions
the Hall resistance was found to be identical, giving unamxNy since the nearest-neighb@r.n) Mn pairs are blocked
biguously the value of the hole density. antiparallel due to their strong superexchange interaction
In the case of less doped samples, we could measure tie/Kg.? Only “free spins,” which are not involved in these
Hall resistivity down to typically 10 K, with the same con- n.n. pairs, contribute tx.;. The phenomenological Curie-
clusions, i.e. (i) the normal Hall effect dominates at tem- Weiss temperatur& - describes the effect of antiferromag-
peratures above 150 Kij) the Hall resistivity varies linearly netic interactions between more distant Mn pairs. Note that
with the magnetic field at low temperature in sufficiently these two parametergy and T e are valid over a field and
large magnetic fields, an@ii) a strong spin-dependent com- temperature ranggow field andT< 20 K) which is relevant
ponent appears at weak magnetic fields and at low temperder the present study. Particularly,,r should not be con-

[$)]

FIG. 3. Empirical values of parameters char-
(b) acterizing antiferromagnetic interactions in un-
I 7] doped Zn_,Mn,Te: (a) effective conteniq of
unpaired Mn spins andb) antiferromagnetic
Curie-Weiss temperatur€,e determined by in-
teractions between non-nearest-neighbors spins.
Lines present fits of Eq94) and (5) to experi-
mental data (symbolg taken from Ref. 31
(squares: Barileroet al; down-triangles: Las-

. e — + L + caray et al,; up-triangles: Shapir&t al,; circles:
0.00 0.05 0.10 0.00 0.05 0.10 Twardowski et al,; star: present study, magne-

Mn Content x Mn Content x tooptical spectroscopy for an undoped sample

0.05 —————

 (a) o Io
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Spin Density x
Temperature 7, (K)

o
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1000 —————————7 71— 6000 zation at 1 kOe above 5 K, and from the Arrott ploté? vs.

H/M plots) at lower temperatures, for which the curvature of
the Brillouin function becomes significant. The inverse mag-
netic susceptibility plotted as a function of temperat(iig.
4) gives the value of the Curie consta@t, which corre-
sponds tox.=0.015. According to Eq(4) this leads tox
=0.019. The data collected in Fig( imply that for such a
Mn concentration the antiferromagnetic superexchange re-
sults in the Curie-Weiss temperatufe,,=—1.0 K, which
. A would be observed for undoped samples. In contrast, the
0 5 10 susceptibility and Hall resistance data for the metallic
Temperature (K) Zng.9eiMng g1oT€:N sample as depicted in Fig. 4, point to a
positive value of the Curie-Weiss temperaturg,,= 1.45
FIG. 4. Inverse magnetic susceptibilifper unit volume vs. +0.1K. This demonstrates that the itinerant holes mediate
temperature for metallip-Zng gg/Mng o7 € (full circles). Solid line  ferromagnetic interactions among the Mn spins, which over-
shows the linear fit, which serves us to determine the effective Mrcompensate the antiferromagnetic superexchange. However,
contentXe and the Curie-Weiss temperatufie.y displayed in  the small value of the resulting Curie-Weiss temperature in-
Table I. The inverse Hall resistivityopen circley and the half-  djcates that the ferromagnetic and antiferromagnetic interac-

width of hysteresis loops as determined from Hall resistiitl  tions are of similar magnitudes. The competition between
squarep and longitudinal resistivityopen squargsare shown for  them constitutes an important ingredient of the carrier-
the same sample. These data point to a ferromagnetic phase tranﬂduced ferromagnetism in 11-VI semiconductors.

tion in the vicinity of 1.4 K. In order to probe the magnetic ordering beldw,, the

fused with th lar Curie-Weiss t ture determi easurements of the diagonal and Hall resistivities have
used wi € regular Lurie-Vveiss temperature determineo o, ayiended down to 100 mK. As shown in Fig. 5, clearly

in the high temperature range. Fitting a set of data from th%isible hystereses develop in bogh, and py, on lowering

Iiteraturélleads us o use the same purely pheggomemlogicqhe temperature. This indicates that the low temperature
expressions as already proposed fog G#Mn, Te™ (Fig. 3): phase is ferromagnetic. At the same time, the temperature

1.9% Mn
p=12x10"cm>

4000

500 [

2000

Coercive Field (Oe)
(nwa) Aljigndassng asIaAU|

Xer=X(0.268 %%+ 0.7 524 0.0)) (4) dependence of hysteresis widths presented in Fig. 4, points to
¢ ' the Curie temperatur@ that is only slightly lower than
T e[ K]= 58— 150¢2. (5)  Tcw. The latter means that the mean-field approximation

o . ] constitutes a good starting point for the description of the
The variation ofx. is described by the same parameters agerromagnetism in the studied system, an expected finding in

; 32 H i H . . .
in Cd, _Mn,Te,* which comes as no surprise since a sta-yiew of the long-range character of the carrier-mediated ex-
tistical evaluation of concentration of unpaired spins explainghange interactiof?

satisfactorily the experimental finding%3*
3. Ferromagnetic interactions mediated by localized holes

2. Metallic regime—Ferromagnetic phase transition Since the doping efficiency decreases and the magnetic

Experimental results demonstrating the presence of thdisorder increases with the Mn concentration, the holes are
hole-induced ferromagnetism in the metallic localized in our samples witk>0.03. Actually, the conduc-
Zng 9giMng g1oT€:N sample are summarized in Figs. 4 and 5.tance atT<4 K drops by several orders of magnitude on
The susceptibility is determined from the value of magneti-crossing the MIT. For instance, according to Fig. 1, zero-

1.9% Mn, p=12x10" cm®

T T T T

[ 1o 01K ]
ok 1o«
8
& ) FIG. 5. Low temperature magnetoresistance
® ® (@ and Hall resistance (b) for metallic
& (14 p-ZngggMng grole. The vertical lines mark the
o © width of the hysteresis loops, which is depicted
§ = as a function of temperature in Fig. 4.
2 5
S [
= 3

1 1 1 1 .(Ib). 1 1 1 1 ]

-5000 0 5000 -5000 0 5000
Magnetic Field (G) Magnetic Field (G)
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e 0.1 P e Amananst 1x10°
i =1
© 3.8% Mn, 5 c _ -
z p=3x10"cm® 3.9 = FIG. 6. (a) Inverse magnetic susceptibility
5 » S ) (circles and remanent magnetizatidtriangles
S § *q;: 3 after magnetization cycling up to 1.3 kOe for
= Lo E’- pP-Zng geMng ozgle on the insulator side of the
2 = = metal-to-insulator transition. Solid line shows the
£ Eg ol linear fit, which serves us to determine the effec-
R —3 : 3 tive Mn contentx.s and the Curie-Weiss tem-
3 3 x-0.1 - /'/'/ { £ peratureT ¢, summarized in Table kb) Magne-
é = L 15K (b) tization cycles at various temperatures displayed
800 0 CTTIN VTR -3 in the units of the saturation value.

0 10 20 30 -1000 0 1000

Temperature (K) Applied Field (Oe)

field conductance of ZyysMngossT€:N with p=3x10'°  centrations than those in the samples discussed above.
cm 2 is smaller by more than five orders of magnitude thanAgain, doping-induced positive shift of the Curie-Weiss tem-
that of Zny gsMng orT€:N with p=1.2x10?°° cm™3. Thus, perature Tcy is clearly visible, as instead of

an interesting question arises how this dramatic difference ifcw=—Tar=—2.3 K expected forx=0.04, the observed
transport properties will affect the hole-mediated ferromagvalues of Ty are 2.4 and-0.4 K for p=1.5x 10" cm™3

netic interactions. andp=7x10 cm™3, respectively.

Figure Ga) shows the temperature dependence of the in- We conclude that the Curie-Weiss temperature does not
verse magnetic susceptibility of ggsMng osgT€:N with p  exhibit any critical behavior on crossing the MIT. This dem-
=3x10" cm 3. Again the susceptibility was determined onstrates the existence of ferromagnetic interactions of a
from the magnetization at 1 kOe at higher temperatures angimilar magnitude on both sides of the MIT. At the same
from the Arrott plots at lower temperatures. A clear doping-time, it is possible that a state with an exotic space or time
induced positive shift of the Curie-Weiss temperatligg, is ~ SPin correlation, more complex than that of a simple collin-
put into evidence: we observig,,= 2.3 K for a sample with  €ar ferromagnet, develops in the insulator phase.
x=0.038 (=0.025) andp=3x10° cm 3 instead of
Tow= — Tar= — 2 K, which—according to Fig. &)—is ex-
pected for an undoped sample with the same Mn content.

Figure 6b) shows magnetization loops measured on the A. Zener model and spin susceptibility of carriers

sample in qugstion: A paramagnetic behavior is Ot?sefved As discussed above, our study provides the values of
aboveTcy, with a linear dependence of the magnet'zat'onCurie-WeissTCW as a function of the effective spin density

on the magnetic field at high temperatiesg., at 10 K, and . :
an onset of the field-induced saturation of magnetization a)t(eﬁ’ deduced from the Curie constant, and the hole depsity

lower temperature(e.g., at 3.2 K Magnetization cycles
measured at still lower temperatuge.g., at 1.5 K exhibit ~— ~ [ ... reference: 4.5% Mn l'm('jo'pe'd
hysteresis: The remanent magnetization is displayed in Fig— C m 46%M - 810" om” .-
6(a). A slowly decaying componeri20% of the total signal g i RV pEEAR oM -
at the lowest temperaturevas observed after shutting down & 4gp0 b ® 41% Mn, p=1.5x10" cm
the field: The values of remanent magnetization plotted in -
Fig. 6(a) were measured after 15 min, which corresponded toz
a complete decay of the slowly varying component. We may&
note that the magnitude of remanent magnetization remain:§ 2000
rather small compared to the total amount of Mn spins de-%
duced from the susceptibility in the paramagnetic phase. Thi¥)
is only partly due to the fact that the applied field remains ™ Ay A
low and these are probably only minor cycles. Such a small 0 0 5 10 15 20
magnitude may indicate also that the easy axis is out of the
plane. However, effects due to magnetic disor@@mpeti-
tion of ferromagnetic ano_l an_tiferromagnetic_interact)o_as FIG. 7. Inverse magnetic susceptibilittsquares for two
yvell as due_to electrostapc disord@nesoscopic fluctuz_atlons p-zn, _,Mn,Te samples with similar Mn contest~0.045 but dif-
in the density-of-statgsmight also be present and drive the fgrent hole concentrations, both on the insulator side of the metal-
system to a spin-glass phase or to a ferromagnetic phase witflinsulator transition. Solid lines show linear fit, which serves us to
atypically long relaxation time. determine the effective Mn contert, and the Curie-Weiss tem-
Figure 7 shows the temperature dependence of the inverggratureT,,, displayed in Table I. The dotted line presents the
magnetic susceptibility for two Zn,Mn,Te layers with an  dependence expected for an undoped sample with a similar Mn
approximate Mn content~0.04 and even smaller hole con- content.

IV. MODEL AND MATERIAL PARAMETERS

6000 ———

Temperature (K)
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determined from the Hall effect measurements. Knowingwhere, within the MFA T is equal to the Curie tempera-
Xeff, We determine from Eqs4) and(5) the actual Mn con-  ture T¢. Usually, however, the MFA, which can also be
tentx and Tae. The latter would be observed for undoped regarded as a high temperature expansion, gives a better es-
samples with the same compositignand characterizes the timate of Tew than of T¢.

strength of antiferromagnetic interactions between Mn spins The above reasoning can easily be generalized to the case
more distant than the nearest neighbor pairs. In DMS, thef a phase transition to a spatially modulated ground-state,
coupling between the hole of spgand positionr, and the  characterized by nonzero magnetizatibt(q). The corre-

Mn spin S Iocahz_edoagteRi, is well described by a local gphonding mean-field value of the ordering temperature
exchange interactiri™ Tc(q) is given by the solution of the equatithn

Hpq=—Bs-§6(r—Rj), (6)

where the spin-hole exchange energy is known from Xwn(9, T Xn(a,T) B2=1. (12
magneto-spectroscopy to beBNy=—-1.1 eV in
Zn,_,Mn,Te.*” This interaction can be used to evaluate the
energyJ;; of the carrier-mediated RKKY exchange coupling In the case of the conduction band, the periodic part of the
between the Mn spins andj. This coupling exhibits the Bloch wave function isSlike, so that spin dynamics is not
well-known oscillations as a function of the distance be-perturbed by the spin-orbit interaction. The spin susceptibil-
tween the Mn pairs with the period determined by the Fermity of a degenerate carrier liquid &=0 is then directly
wave vectork;l. Then, in order to obtain the mean-field related to the density-of-states at the Fermi energy,
value of Ty, the interaction energy has to be averaged over
the distribution of the Mn spins. This will be elaborated later.
Now we consider the limit of low carrier density, in which _
the mean Mn-Mn distance is small with respectkfo’. In Xe:ZAFP(EF)- (13
such a case, the continuous-medium limit of the RKKY
model, i.e., the Zener mod& can be used!***The mean-
field version of this model can be summarized as follows. Here, the prefactoAg is the Fermi liquid parameter that
First we use the molecular-field and virtual-crystal ap-takes into account the enhancement of the spin susceptibility
proximations to relate the spin polarization of the hole liquidpy the carrier-carrier exchange interactions. However, in the
to the Mn magnetizatioM. The result is case of the holes involving-like states, the influence of the
spin-orbit coupling has to be taken into accotit.
(5= B2 (S)8(r—R)=BxnkerNo(So), (1)
B. Spin susceptibility of holes
where the first-line summation runs over a discrete distribu-
tion of the Mn spins, and is replaced in the second line by an  The valence band in ZnTe is characterized by a rather
average spin projection on the directionMf taken here as  strong spin-orbit coupling) o= 0.96 eV*! Hence at the cen-
z axis. The quantityx, is the carrier spin susceptibility, ter of the Brillouin zone thd™, split-off band is well sepa-
which in the absence of the spin-orbit interaction would cor-ataq from thd™ quadruplet, and for small wave vectors, the
respond t_o the Pauli magnetic susceptibility with thes dispersion can be calculated by using th& 4} Luttinger
factor omitted. ) o Hamiltonian. We adopt the experimental values of the Lut-
We also adopt the mean-field approximatigiFA) to . N o -
: tinger parametef$ y, = 3.8, y,=0.72, andy;= 1.3, and use
obtainM . L
the spherical approximatidit,i.e., we replacey, and y; by

2 3 . : .
M/ = —x..N _~ H—B(s)), (8 vs=£y>tzy3. In this approximation, the values of the
Gunkte eiNo(S2) =Xun(GunugH = B(s)). - (8) heavy-hole massn,,=0.60m, and the light-hole masmy,

where =0.17mg, are independent of the direction of the wave vec-
tor k.
_ CoXeit ~  S(S+1)Ng We are interested in the response function of the holes for
XMn:T+—-|-N: an o=3—kB- C) the molecular field applied along tlzalirection. However, at
k+ 0, the periodic parts of the Bloch functions are the eigen-
Combining Eqs(7) and(8) we are led 3 states ofJ-k/k, i.e., the quantization axis is alorlg The
corresponding eigenfunctiong:3/2k) for the heavy holes
XMn CoXeff and|+1/2k) for the light holes, can be obtained from the
M= T—%wmn32 H= T—TCWH’ (10 eigenfunctions ofl,,| +3/2), and|=1/2),, by applying the
corresponding rotation matrix within th&g quadruplet,
with identical to the rotation matrix within d=3/2 quadruplet.
The important point here is tha} in the basis of the eigen-
Tew=Te—Tar and Te=XerCoB%Xn » (11)  functions|=3/2k) and|+1/2k) reads
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where® is the polar angle of the wave vectorThereareno < s
matrix elements between states with differ&ntectors. :
The longitudinal component of the hole spin susceptibility -
is 3

= oS JiKIsdikta)l®
n(@=22 —¢ = = T HE0L (),
(15

where |i k) are the periodic part of the Bloch functions, FIG. 8. Cross section of the heavy hole Fermi surface in pres-
E. k:h2k2/2mhh or ﬁ2k2/2m|h and f(E; ,) is the Fermi- ence of the exchange fielgnagnetizatioh applied alongz direc-

i, ) i, . . _ .
Dirac distribution function for the corresponding hole sub-tion- The plot is shown foZ,(B)/Er=0.5, whereX,(B) is the
bands. The RKKY interaction energy is proportional to '[hes‘p'n'Sp"ttm.g alk:_O, .bUt the c_alc_ulauon of the spin susceptibility is
Fourier transform of Eq(15). In the framework of the Zener performed in the limit of vanishing.(B)/E-
model of ferromagnetism, we are interestedXig(q=0).
The result that is obtained after a straightforward calculation
for the degenerate hole gas assumes the form

Wave Vectors kx / kF

we obtain the reduction factor
J& cog ®dcosO/fjdcos®=1/3. Hence, this reduction
factor expresses the fact that the heavy-hole spin is quan-
~ 1 8  m¥Pmy—miPmy, tized along the direction ok, so that exchange splitting
Xh:ZAFp(EF) §+ 9 (e (2 5 | (16 vanishes fork L B. A similar procedure for the light-hole

hh= 1073 hh T T subband leads to the same reduction factor 1/3.
where the Fermi liquid parameté:, to be discussed later, * The second term arises from nondiagonal terms coupling

represents the effect of the hole-hole interaction, and the heavy and light-hole subbands, that is, it represents
interband spin polarization. Then, the Fermi distribution
p(Ep) = (miP+m2?)23(372p) Y% 7242, (17 functions define the range of integration, from the Fermi

_ . . wave vector of the light-holes to that of the heavy-holes.

The two terms in the square brackets in Ekf) describes  The corresponding contribution B, can be viewed as
two distinct effects of the spin-orbit interaction on the hole the manifestation of the Bloembergen-Rowland
spin susceptibility: mechanismof the indirect spin-spin exchange interaction,

« the first arises from terms which are diagonal within the allowed here by the spin-orbit coupling.
heavy-hole and within the light-hole subbands. Thus, the o )
spin-orbit interaction reduces intra-band hole spin polar- Introducing into Eq(16) the values of the hole effective
ization by a factor of three. Another, more intuitive, de- Masses corresponding to ZnTe we find that the spin-orbit
scription is obtained by noting that applying the molecularinteraction reduces the hole spin susceptibility by a factor of
field B along thez direction splits the Fermi surface into <~
two (up and dowi surfaces, with the Zeeman splitting of 1 1
the heavy holes proportional t8(=3/2k|s,|+3/2k) Yh==p(Ep) = (18)
=+ B co0s0,% as shown in Fig. 8. The spin polarization is 4 2.1

obtained by integrating, over the states between the two |; has heen checked th@it, values resulting from Eqg11)
Fermi surfaces, botl, and the population depending on and(18) agree with those determined by numerical minimi-
©. This means, in particular, that the spin polarization ofzation of the free energy, which is obtained by summing up
the holes, i.e., the spin component of their magnetizationgigenvalues of the correspondingc4 Luttinger matrix-*+2

is not simply proportional to the difference in the up and Actually, the theoretical model developed recefft? al-
down populations, as it would be the case for the electrongows one to determine the magnetization as a function of
in the conduction band. By integrating the sum of thetemperature and magnetic field taking into account nonzero
square of the relevant matrix elements over the solid anglanisotropy, finite spin-orbit splitting, and biaxial strain
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within the 6X 6 Luttinger model of the valence band in tet- In order to evaluate the resulting effect on the Curie-
rahedrally coordinated semiconductors. We shall comparg/eiss temperature we start from the expression for the en-
results of the &4 and 6<6 models vis-avis our experi- ergy of the RKKY exchange interaction between two Mn
mental data oy, and show that the difference between spins at relative positioR induced by carriers described by
their predictions is slight for the parameters of Slike wave functiongsee, e.g., Ref.)3

p-Zn; _,Mn,Te. ;

C. Zener versus RKKY model (19
We identify two experimentally important situations, for

which the Zener model, as introduced above, cases to bBince the main contribution @,(q) in Eq. (15 comes from
valid. The first one corresponds to the case when an averadlee heavy hole band, we use the heavy hole wave vector at
time of carrier tunneling between Mn pairy)ééf ~1 pe- the Fermi level forkg in Eq. (19). At the same time, the
comes significantly longer than the inverse exchange energyrefactor in Eq.(19), the hole spin susceptibilitf,, at g
|BNo| 1. HereV is the width of the carrier band, and its =0, is calculated from Eq16), so that it takes the complex
magnitude, not the Fermi energy as sometimes suggestesfructure of thd's bands into account.
constitutes the relevant energy scale. For long tunneling The mean-field value of ferromagnetic temperatiigeis
times, the molecular-field and virtual-crystal approximationsthen obtained from the first moment of the distribution of the
break down, an effect detected in £gMn,S.** Double-  pair interaction energie¥(R;;). Thus, we determin&g by a
exchange model constitutes the appropriate description of tigummation of the interaction energig&R) between a given
carrier-mediated exchange interaction in the livit: 0. spin atR=0, and all other free Mn spins distributed over the

The second case is that of a large carrier concentratiorgation sites of the zinc-blende lattice,
n>XeNp. In this region, important changes in the carrier
response function occur at the length scale of a mean dis- S(S+1)
tance between the localized spins. Accordingly, the descrip- TF:g—kB
tion of spin magnetization by the continuous-medium ap-
proximation, which constitutes the basis of the Zener modelHere, the occupation probability B(i)=0 for the nearest
ceases to be valid. In contrast, the RKKY model is a goocheighbors to the origitisince the poinR=0 is occupied by
starting point in this regime, as it provides the dependence ahe Mn spin, the n.n. spin would be blocked antiferromag-
the interaction energy of particular spin pairs as a function ohetically), and P(i) =X for all other fcc sites. As men-
their distance. This makes it possible to evaluate the systefioned above, replacing the discrete sum in E2D) by a
energy for a given distribution of the localized spins. continuous integration with the uniform density; would

We note in passing that in the limit when the continuous-lead to Eq.(11). We shall compare those two models T
medium approximation is validp>Xx.4Ny, the mean-field as well as their ability to describe the experimental data in
value of the ordering temperatuii®(q) deduced from the Sec. V. Finally, we note that on increasing the carrier con-
Zener and RKKY model are identical, independently of mi-centration the second moment of the distributid(R;;)
croscopic spin arrangement. In particular, in both models, thgrows faster than the first moment. The former determines
Curie temperature is determined entirely by matrix elementshe spin-freezing temperatufig,, which at some point may
that are diagonal ik, as nondiagonal terms vanish when thepecome higher tha-. We evaluate thal y<T for the
continuous-medium approximation is valid. If this is not the samples studied here. Such a cross-over from the ferromag-
case, the two models are equivalent only if the spins ar@etic to spin-glass phase as a functiorptkN, has, in fact,
randomly distributed over a continuutn. been observed in IV-VI DM$? For even greater values of

Since the RKKY model appears as more general, it is5/xN,, the Kondo temperaturé, may become higher than

tempting to adopt it for the description of experimental find-T | so that screening of the spins by the carriers will occur at
ings. Unfortunately, however, in the presence of spin-orbitr<T, if T>T,.

interaction, the spin-spin Hamiltonian contains nonscalar
pseudo-dipole and Moriya-Dzialoshinskii terms, whose de-
pendence of the pair distance seems to be described by non-
elementary functions. Briefly, the RKKY model is techni-  The present experimental results address the question of
cally much more cumbersome than the Zener model for théow disorder in the electronic subsystem affects the carrier-
holes in thel'g band. On the other hand, in the case of themediated interaction among the localized spins. In the frame-
sample with the highest doping level, the hole concentrationvork of the RKKY model, the mean free padltisets an upper
p=1.2x107° cm > becomes comparable wittx4N, distance of Mn pairs contributing to the first moment of the
=1.8x10%° cm~3. Moreover, we note that the blocking of distribution J(R;;). This leads to a reduction of¢ by (1

n.n. Mn pairs in the zero-spin state by antiferromagnetic su— m/4kgl) for ked>12 In terms of the Zener model, this
perexchange not only reduces the effective spin concentraeduction factor represents the scattering broadening of the
tion but also makes the spin distribution to be highly thermodynamic density-of-states(Ef).>*° At the same
nonrandom—no n.n. Mn pairs are involved in the ferromag+time, the second moment, and thig, is only affected by
netic interactions. spin-dependent scatterifi.

> P(HIR). (20)

fcc sites

D. Effects of disorder and carrier-carrier interactions
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Interestingly enough, neithérnor p(Eg) exhibit critical Hole Density (cm™)
behavior at the MIT—typicaIIwak;1 at criticality when 10" 10" 10" 10%
approaching the MIT from the metallic side. In contrast, the D B B B
localization length¢é diverges at the MIT and, according to I
the scaling picture, decreases gradually towards the Bohr ra- 10
dius a* deeply in the insulator phase. Then, the ferromag-
netic exchange is mediated by carriers thermally excited to
the band® or by spin-dependent coupling between BMP.
However, over a wide range of dopant concentrations, the
average value of is significantly larger than bota* andl.

We expect that such weakly localized carriers carry effi-
ciently the spin-spin coupling. Since distances smaller than . s L .
are important for ferromagnetism, carrier localization will 0.02 0.05 0.1 0.2

have a minor influence on the value ©f for such an ex- Fermi Wave Vector (A™)

change mechanism.

At the same time, however, large mesoscopic fluctuations FIG. 9. Experimentalsymbolg and calculatedlines) normal-
in the local values op(Ef) andé, are expected in the vicin- ized ferromagnetic temperaturé/10°%., vs. the wave vector at
ity of the MIT. This will introduce additional randomness in the Fermi level. The corresponding hole densities are indicated in
the system, the corresponding correlation length being of ththe top scale. Dashed line: Zener model with the hole dispersion

order of either spin coherence, thermal or localization length¢@lculated from the %4 Luttinger spherical model for thiés band;

each presumably much longer than that characterizing ma@_otted line: Zener model including the coupling betweenltheand
7 bands(6x 6 Luttinger model, Ref. 14 solid line: the RKKY

netic disorder. In a simplistic two-fluid pictufé*?we envis- . I
’?d 6X 6 Luttinger model forx.3=0.015, taking into account the
0

p-Zn, MnTe

T./100x, (K)

age that mosaics of ferromagnetic and paramagnetic regio ect of the antiferromagnetic interactions on statistical distribution
appear at the Curie temperature. The latter corresponds . . 9

. o . . unpaired Mn spins.
regions not visited by the carriers. The former contain delo-
calized or weakly localized carriers. Such carriers set a lon

range ferromagnetic correlation between the Mn spins, ir?Ehe Zener mode[Eq. (1D)], the normalized ferromagnetic

cluding those contributing to BMP that are formed aroundtemperature, as defined by H@1), does not depend on the

singly occupied impurity-like states. According to this Mn content.
gl P purity . : ng Figure 9 presents experimental and theoretical values of
model, the ferromagnetic portion of the material, and thus.

the magnitude of spontaneous magnetization, grows with th&r s @ function op. The studied hole concentration range
dopant concentration. covers both sides of the MIT, the sample with the higlpest

Finally, we consider the enhancement of the tendency tovalues being metallic. Remarkably, the presence of the MIT
wards ferromagnetism by the carrier-carrier interactions@PPears to have no effect on the experimental values of
Within the Zener model, this enhancement is described by r(p). This substantiates the view that the two phenomena,
the Fermi liquid parameteAr. The valueA~1.2 was cal- carrier-mediated ferromagnetic interactions and carrier local-
culated by a local spin-density approach for a 3D carriefzation, are sensitive to carrier wave functions at different
liquid of similar density*®> We adopt this value here, as its length scales: the former shorter while the latter longer than

enhancement by disorder is probably unimportant due to ethe mean free path. This encourages us to interpret the data
ficient spin-flip scattering in our system. disregarding localization effects. Furthermore, we shall ne-

glect the influence of scattering on the density-of-states, an
approximation that should be relaxed once appropriate infor-
mation would be available.
V. COMPARISON OF EXPERIMENTAL AND The dotted line in Fig. 9 represents results of the analytic
THEORETICAL RESULTS calculation within the Zener model, employing<4t spheri-
) . cal Luttinger Hamiltonian, Eq€11) and(16). Similarly, the
In order to compare experimental and theoretical result§;shed line was obtained numerically from thex ®
for samples with various Mn contertand hole concentra- ,54el2442pDye to the large magnitude of spin-orbit splitting
tions p, we introduce a normalized value of the ferromag-i, 7nTe, the difference between the models is slight, even
netic temperature, for relatively large hole concentrations. It is seen that the
Zener model describes correctly the ferromagnetic tempera-
ture in the region of low hole concentrations, but it predicts a

significantly too large value of  for the sample withp
=1.2x10?%° cm 3. As already mentioned, in this sample
whereT¢yw and X are determined from the measurementsx.+=0.015, so that the inverse Fermi wave vector becomes
of the magnetic susceptibility as a function of temperaturecomparable to the mean Mn-Mn distan@ky,_y.Ke= 1.4.
whereas the corresponding valuesTgf are calculated from As a result the continuous-medium approximation, inherent
Eq. (5). The actual values of ¢y and x¢ for the studied to the Zener model, ceases to be valid. The solid line in Fig.
samples are summarized in TabléSec. I). According to 9 depicts numerical data obtained within the RKKY model,

Te=(Tewt Tap) /10X, (22)
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1T J
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FIG. 10. Low-temperature magnetization as a
function of the magnetic field measured directly
for nonmetallic p-Zng ggMng gagTe sample (a)
and determined from the Hall data for metallic
p-Zng.9siMng o1T€ sample(b), whose magnetic
susceptibilities are shown in Figs. 6 and 4, re-
spectively. The dotted lines present results of the
i mean-field calculation, which indicate that only a
| 1.8%Mn part of Mn spins contribute to ferromagnetic or-

........ ) 3.8% Mn,

Normalized magnetization
o

pP=3x 10" em™

Normalized anomalous Hall effect
o

S R Sl b B % B i o 4. A L p=t2xt0% em? der in the insulating sample.
-5 0 5 10
Magnetic Field H (kOe) Magnetic Field B (kG)

Egs.(19) and(20) for x.4=0.015, with the long-wavelength the ferromagnetic and antiferromagnetic interactions is ex-
hole spin susceptibility computed by thex® Luttinger pected to grow withp/x, and may ultimately result in the
model. A significant reduction of  for large p, consistent transition to a spin-glass phase. Alternatively, with decreas-
with the experimental findings, is clearly visible. This reduc-ing X at givenp, the Kondo effect may show up.
tion reflects the important effect of the antiferromagnetic n.n. We note that the present results, as well as those for
Mn pairs on the distribution of the free spins. In view that Ga—,Mn,As,***? make it possible to single out dominant
theory is developed with no adjustable parameters, we coreffects accounting for differences between temperatures of
clude that the main processes accounting for the magnituderromagnetic ordering in particular families of magnetic
of the Curie-Weiss temperature are well understood irsemiconductors**? One of the effects is the magnitude of
p-Zn;_,Mn,Te. the spin-orbit splittingA, in the valence band, which—if
Figure 10 presents the dependence of magnetization afuch greater than the Fermi energy—redu@es This is
the magnetic field for one nonmetallic and one metallicthe case ofp-Zn,_,Mn,Te. In contrast, due to the smaller
sample. The dependence of magnetization on the magnefig|ue ofA, in Ga_,Mn,As, the reduction ceases to be im-
field is in accord with the expectation of the mean-ﬂeldportant_ Moreover, the mixing betwedns and T'; bands
theory in the case of the metallic sample. In contrast, thenarges the density-of-states at the Fermi level. Another im-
magnitude of magnetization observed in the non'meta"'%ﬂortant aspect of 11I-V DMS is associated with the fact that
sample in the_ weak fleI(_JIs is about tWO times smaller tha n ions supply both spins and holes. This results in a large
expected. This substantiates the conjecture about the phaé

o . . . 38%Bulomb potential at closely lying Mn pairs. Accordingl ,
separation into the regions with a different degree of Mn SPIN. \ch a corelplex binds a holg xhigh megiates a strong ?e);ro—
polarization on the insulator side of the MIT. '

magnetic coupling that overcompensates the intrinsic antifer-
romagnetic interaction. As a result, the strong reduction of
VI. SUMMARY AND OUTLOOK Tc by the superexchange observed in 1I-VI semiconductors

The progress in nitrogen doping of ZnMn,Te by MBE IS wrtuglly abse_nt in th_e case of lll-v DM&. _
achieved in course of this work has made it possible to grow Particularly interesting is the problem of interplay be-
I-VI DMS, in which hole kinetic energy is high enough to tween Anderson-Mott localization and carrier-mediated ex-
over-compensate electrostatic and magnetic disorder, so thefiange interaction. Our results demonstrate the presence of
the metal phase exists down to the millikelvin temperaturenagnetoresistance and temperature dependent localization,
range. In such a sample the doping-induced ferromagnetigualitatively similar to those observed previouslyriftype
ordering has been put into the evidence. Two factors hav®@MS, but somewhat enhanced due to a greater magnitude of
been identified, which make the Curie temperature relativelghe exchange energy in the case of the holes. At the same
low, Tc~1.5 K atp=1.2x107° cm3 andx=0.019, despite time, the strength of the carrier-mediated ferromagnetic in-
the rather large values of the effective mass @ad ex-  teraction appears to be insensitive to hole localization. This
change integral. First, the spin-orbit interaction in the va-behavior, observed also in GaMn,As,? is assigned to the
lence band leads to more than two-fold reductionTef. different length scales involved in the two processes. How-
Second, the superexchange antiferromagnetic interactiorever, the low-temperature phase in nonmetallic samples
have been found to lowér: even further. In particular, the show a number of peculiarities, such as slow dynamics and
residual antiferromagnetic interactions between more distargartial saturation of the magnetization. Furthermore, in con-
Mn pairs contribute to the reduction @f.. Moreover, the trastto, e.g., Eu chalcogenides, no re-entrance to the metallic
presence of magnetically inert nearest-neighbor Mn pairs ndiehavior is observed in the low-temperature phase, which
only lowers the effective Mn concentration, but also makesndicates that spin-disorder scattering remains effective.
the antiferromagnetic portion of the RKKY interaction to Thus, the ground state on the insulator side of the MIT may
become more significant. The resulting competition betweemot be a simple colinear ferromagnet. The presence of a
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