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Th e ar t i cle review s our recent stu dies on quantu m H all ferroma gnetism

in diluted magnetic semiconductors . W e carried out magnetoresistan ce stud -
ies on modulation- doped, gated heterostructures of ( Cd, Mn )T e/(C d, Mg)T e:I .
W e put into evidence the formation of Ising quantum H all ferromagnet

w ith Curie temp erature T C as high as 2 K . Quantum H all ferromagnetism
is manif ested by anomalous magnetoresista nce maxima. Moreo ver, mag-
nitude of these spikes dep ends dramaticall y on the history of the sam-
ple, show s hysteresis w hen either magnetic Ùeld or gate voltage are sw ept,

stretched- exponential time evolution characteristic of glassy systems, and
strong Barkhausen noise. Our study suggests that these metastabili ti es stem
from the slow dynamics of ferromagnetic domains.

PAC S numb ers: 73.43.N q, 72.25.Dc, 73.61.Ga, 75.50.Pp

1. I n t rod uct io n

Two -dim ensional electron system s (2D ES) under low temperatures (T ) and
hi gh m agneti c Ùeld (B ) o˜er a great opp ortuni ty for studyi ng the fascinati ng
stro ng-correl ati on physi cs. The carri er density can be contro l led externa l ly in
2D ES, whi le ti l ted B al lows one to discriminate between orbi ta l and spin e˜ects.
Furtherm ore, owi ng to the quenchi ng of the in-pl ane ki neti c energy into quanti zed
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La ndau levels (LL), correl ati on e˜ects dominate over sing le parti cle potenti als in
a stro ng m agneti c Ùeld leadi ng to an unexp ectedly rich variety of ground states
and quasiparti cle form s [1]. In parti cul ar, i f LL corresponding to the opposite spin
ori enta ti ons of quasi-parti cles at Ferm i level overl ap, the spin degree of freedom
is n ot frozen by the Ùeld so tha t a sponta neous spi n order may appear at low
tem peratures [2, 3], the resulti ng state being kno wn as the quantum Ha l l ferro-
m agnet (QHF). Im porta ntl y, the ground state is predi cted to have the uni axi al
ani sotro py i f the spin subba nds involved originate from di˜erent LL [4]. The level
arra ngement correspondi ng to such Isi ng QHF has been real ized in vari ous I II { V
2D ES [5{ 8].

In recent years we have wi tnessed a growi ng interest in di luted m agneti c
semiconducto rs (D MS) [9] because of thei r possible appl icati on in spintro ni cs. Pre-
vi ous works demonstra te a strong inÛuence of local ized d -spins on electron tra ns-
port of 1D [10, 11] and 2D [12] structures of D MS. In D MS the m ean-Ùeld part of
the sp À d exchange intera cti on between the electro ns and d -spins leads to the giant
s À d spin-spli tti ng of the electro nic bands. Since in D MS the spin-spli tti ng of elec-
tro nic states is not only giant but depends, in a nonl inear fashi on, on the m agneti c
Ùeld B , many crossings of La ndau spi n subl evels occur in the quantum Hal l e˜ect
(QHE) regim e, so tha t in an independent- electron picture, energies come into \ co-
inci dence" for parti cul ar values of B . Thi s worthwhi le possibi l i ty was expl ored in
the recent study [13], whi ch dem onstra ted the exi stence of a quantum Hal l ferro-
m agneti sm in a I I{ VI (Cd, Mn)T e/ (Cd, Mg )T e modul ati on doped hetero struc ture
wi th a quantum wel l (QW ) conta ining magneti c ions. On either side of these co-
inci dences, the magneti zati on of the electro n system thus ta kes on disti nct values,
correspondi ng to QH ferrom agnets (or \ Isi ng" states) of various streng ths. The
tra nsiti ons between these ferrom agnets pro voke sharp spikes in the m agneto re-
sistance. These new peaks are disti nct f rom the usual Shubni ko v-de Ha as (SdH)
m axi m a between QHE mini ma. There is a comm on agreement now concerni ng the
ori gin of these spi kes [14]. In the region of LL coinci dence, owi ng to di ˜erences in
the local potenti al landscape, dom ains of di ˜erent Ising ferromagnets coexist. Do-
m ain wal ls consti tute one-di mensional conducti ng channels, whi ch make scatteri ng
between edge channel s possible. Thus longi tudi nal resistance £ x x i s no longer zero,
as it should be in the QHE regim e. Accordi ng ly, the m agni tude of these spikes
increases wi th the length of dom ain wal ls.

In our (Cd, Mn)T e/ (Cd, Mg )T e hetero structu res the cri ti cal behavi or of the
spi ke resistance was f ound, veri fyi ng the recent theo reti cal predi cti on [14] and
m aki ng it possible to determ ine the phase diagram of a QHF as a f uncti on of the
carri er densi ty . At the sam e ti me, the Curi e tem perature T C was found to reach
2 K, a value m uch hi gher tha n tha t observed and expl ained theoreti cally in the
case of both (i ) high electron mobi li t y Al As QW in the quantum Ha l l e˜ect regim e
(T C ç 0:5 K [8, 14]) and (i i ) n -typ e DMS at B = 0 ( T C ç 0:2 K in (Zn,Mn)O :Al
epi layers [15]). Thi s enhanced stabi li ty of the QHF phase is rather surpri sing in
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vi ew of both previ ous results [8, 14] and the signi Ùcance of di sorder in the present
m ateri al .

Mo reover, the magnitude of the spi kes at low temperatures depends strongly
on magneti c Ùeld and gate vol tag eV g sweep di recti on and rate, leadi ng to a history
and ti m e dependent resistance. W hi le there is a comm on agreement tha t thi s
m etastabi l i t y consti tutes a cl ear indi cati on tha t the peaks occur at the m agneti c
phase tra nsiti on, a parti cul ar mechani sm tha t leads to such a behavi or rem ains
a subject of a debate. There are indi cati ons tha t m etastabi l i ty reÛects intera cti on
wi th nucl ear spins [16, 17] or j ust a dyna m ics of ferrom agneti c dom ains [7, 18].
Furtherm ore, there are theo reti cal predi cti ons [19] tha t, in the case when disorder is
stro ng enough, spin-glassrather tha n ferrom agnet form s. In order to shed some new
l ight on thi s issue, we have underta ken a system ati c study of the ti me-dependent
resistance in the regions of ferrom agneti c tra nsi ti ons.

2. Sam p les

The m odul ati on-doped Cd 1 À x Mn x T e QW wa s grown by m olecular beam
epi ta xy [20]. Barri ers of Cd 0 :8 Mg 0 :2 Te were separated from (001) undoped GaAs
substra te by 1 nm ZnT e and 3 ñ m CdT e bu˜er layers. The Mn ions were inserted
into the QW by the digi ta l al loy techni que, i .e. by depositi ng three evenl y spaced
m onolayers of Cd 1 À x Mn x Te duri ng the growth of 10 nm wi de CdT e QW . Accord-
ing to the spectra l positi on of the photo lum inescence l ine at 77 K, average x =

2 Ï 0 : 5%. The iodi ne donors were intro duced to the front barri er at 20 nm away
from the QW . For magneto tra nsport m easurements a 0 : 5 È 1 m m2 Hal l bar was
etched, to whi ch leads were soldered wi th indi um . A gold on chrom ium front gate
wa s deposited onto cap layer. The gate m akes i t possibl e to contro l the electron
density n s between 1.4 and 4 È 1 0 1 1 cm À 2 , as determ ined by Hal l measurements at
low T . The low- temperature electro n m obi lit y peaks at ñ ¤ 2 : 5 È 1 0 4 cm 2 / (V s).

3 . Exp er im ental r esu l ts

3.1. Magnet oresi stance

Fi gure 1a presents the Hal l £ x y and the longi tudi nal £ x x resisti vi ti es, the
latter reveal ing the presence of a stro ng resistance \ spike" in the m agneti c Ùeld
B c ¤ 5 : 8 T, whi ch corresp onds to the LL Ùll ing facto r ¡ ² n s h =( eB ) ¤ 2 . Accord-
ing to Fi g. 1b and c, the £ x x anom al ies peak around 1.3 K. Mo reover, at the same
T a dram ati c shift of the SdH maxi m a is clearl y vi sible in Fi g. 1b. Guided by the
previ ous exp erimenta l [8] and theo reti cal [14] resul ts, we presume tha t the spikes
app ear at the crossing points of spin subl evels. In order to evaluate the Ùeld values
B c at whi ch cro ssings are exp ected in our system , we start from the kno wn f orm
of the LL energy in D MS [9]
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Fig. 1. (a) Resistances £ xx and £ x y at T = 0: 33 K for n s = 2: 9 7 È 10
11 cm À

V 0 .

N ote the presence of a spike in £ at B : T , show n at selected temp eratures in

(b). (c) T he spike height as a function of T for n : cm . I f the spike and

the SdH peak overlap, the contribution of the latter is subtracted.

cos

(1)

Here is the LL index, and [21] are the e˜ecti ve mass
and La ndÇe factor of the electrons in CdT e, eV is the exchange
energy [9, 22], and is the Bri l loui n f uncti on, in whi ch and . The
functi ons and [22] describe the reducti on of m agneti zati on

by anti ferro magneti c intera cti ons.
W e ta ke into account correla ti on energy determ ined experim ental ly [8] and

theo reti cal ly [14] for the Al As QW . As shown in Fi g. 2a and b, we obta in a rem ark-
abl y good descripti on of the spi ke positi ons wi th one adjusta ble param eter, the
Mn concentra ti on set at 1.37%, for whi ch 1 12% and 0 47 K.
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Fig. 2. (a) Diagram of the Landau energy levels in a magnetic quantum well calcula ted

from Eq. (1), show ing the spin- up and spin- dow n levels intersecting in a perp endi cul ar

magnetic Ùeld. (b) Longitudi na l resistivi ty as a function of the magnetic Ùeld and gate

voltage. Bright (dark) regions represent high (low ) resistivity . (c) T he height of the QH F

spike at B c ' 5: 8 T as a function of the Ùllin g factor. A rrow s show intersections of 0
+

w ith 1 À and 2 À Landau levels in (a) and resulting longi tudi nal resistance anomali es

in (b).

The interpreta ti on of the resistance spikes in term s of the QHF form ati on
im pl ies tha t they should disappear i f ¡ devi ates from an integ er at B : Thi s is
cl earl y dem onstra ted in Fi g. 2c, where the m agnitude of the spike is presented as
a f uncti on of the Ùll ing facto r ¡ at B : T. Indeed, the spike am pl i tude peaks
at ¡ : , and i t decreases for both smal ler and hi gher ¡ values.

3.2. Hyst eretic behavi or

Ha vi ng establ ished tha t the spikes occur i f LLs cross at ¡ close to integ ers,
we turn to exp erimenta l evidence tha t they corresp ond to a phase tra nsi ti on at
nonzero tem peratures. Accordi ng to Fi g. 1c, the spike magni tude exhi bi ts a rather
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sharp m axi mum at the tem perature tha t we identi fy as T C . At the same ti me, a
hysteresi s loop of £ x x ( B ) develops when B i s swept in two di recti ons below T C

at the preci se locati on of the spike, as presented in Fi g. 3a. Hence, our resul ts
corroborate the noti on [4] tha t i f ¡ is cl ose to an integ er at B c , a tra nsi ti on to
Isi ng QHF ground state ta kes pl ace. In thi s bro ken sym metry state, a ll electrons
Ùll up one LL, leavi ng the other one empty . Thi s is evi denced in Fi g. 1b whi ch
reveals the absence of a SdH maxi mum at B c below T C . However, depending on
a local potenti al landscape either 0 + or 1 À LL is Ùlled up in a given space re-
gion. Dom ain wal ls appeari ng in thi s way form edge-l ike channels. Thei r presence
gives ri se to an addi ti onal scatteri ng tha t results in the resistance spi ke at B c [14].

Fig. 3. H ysteresis loops, where £ xx is depicted in the region of the QH F spike for

sw eeping the magnetic Ùeld (a) and the gate voltage (b) in tw o directions.
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It is now establ ished tha t thei r random conÙgurati ons below a cri ti cal tempera-
ture T C lead to large energy barri ers between adj acent domains. Thi s g ives rise
to m etastable states wi th slow evoluti on, whi ch are responsibl e for the observed
hystereti c behavi or. However, the ori gin of such a glassy system is a subj ect of
current debate.

Fi gure 3b shows another mani festati on of the hystereti c behavi or, induced
when the gate vol ta ge is tuned in the vi cini ty of the resistance spi ke. In thi s
exp eriment V g was swept between { 0.6 and +0 .6 V at the rate of 0.024 V/ s at
B = 5 : 7 5 T and T = 0 : 5 K. A numb er of im porta nt concl usions emerge from thi s
m easurement. Fi rst, a stro ng hysteresi s is observed exclusivel y in the region of the
QHF spike, i .e. for 1 : 6 < ¡ < 2 : 4 , whi le i t di sappears for both smal ler and hi gher ¡

values, tha t is in the regions of the usual SdH m axi ma. Second, hysteresis changes
i ts sign exactl y at ¡ = 2 and is stronger for ¡ > 2 tha n for ¡ < 2 .

3.3. Resistance relaxat ion

The hystereti c behavi or, observed when either B or V g are tuned, consti tutes
a stro ng evi dence of the magneti c ori gin of the resistance spikes. However, in
order to extra ct the ti m e scales involv ed, i t is more conveni ent to change B or
V g abruptl y and then study resistance relaxa ti on to wards equi l ibri um . W hi le an
instant change of B i s pra cti cal ly im possibl e at low tem peratures, thi s is easy to
accom pl ish wi th V g .

Fi gure 4a presents such a relaxati on exp eriment. Fi rst, the gate vol tag e
wa s kept at V i

g = + 0:5 V, whi ch corresp onds to ¡ ¤ 2 : 5 , for some wai ti ng ti m e

Fig. 4. (a) T races of £ xx ( t ) measured after a sudden change of V g from V
i

g 0 :5 V

( ¡ : ) to V
f 0: 05; 0: 08 ; 0: 34 ( ¡ : ; : ; : . (b) T races of £ t

for V f 0: 05; 0 :08 ; 0: 34 corresp ondin g to ¡ > plotted on the scale in w hich

stretched exp onential dependence exp t =§ would be linear. Measurements w ere

p erformed at B : T after a magnetic Ùeld sw eep from B (0. 24 K ) and from

B T (0.7 and 1.4 K ).
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t w ¤ 1000 s. Then the gate vo lta ge was changed insta ntl y to di ˜erent V f
g

around
QHF spike, and the ti me evoluti on of resistance was recorded for a long ti m e. It
is seen tha t £ x x Ùrst increases fast duri ng the ini ti al ¿ 1 0 0 s and then decreases
slowl y. These results are consistent wi th the hystereti c behavi or shown in Fi g. 3b.
Mo reover, whi le thi s ini ti al increase is exponenti al , the slow process, as i t was
shown in Fi g. 4b, is described by a stretched exp onenti al functi on

£ x x ( t ) = £ x x ( t ! 1 ) Ï A exp [ À ( t= § ) s ] (2)

wi th s ¤ 0 :3 3 Ï 0 : 0 5 and increasing ti me § as ¡ ! 2 . Such a non-Arrheni us behavi or
is characteri stic of electro n, spin, and structura l glasseswi th ri ch energy landscape
and thus a wi de range of relaxati on ti m es.

It should be noted tha t slow relaxa ti on is observed exclusively at the QHF
resistance spi kes, whi le in other regions, such as the usual SdH m axi ma, it is
absent. Thus, i t cannot be expl ained as a sim i lar exp eriment wi th a resistance
relaxa ti on after a sharp V g change perf orm ed in nonm agneti c In 2 O3 [23] in whi ch
slow electron glass dyna m ics stem s from electro n glass form ati on, wi tho ut any
m agneti c e˜ects.

3.4. Resistance noise

Further evidence for glassy behavi or is shown in Fi g. 5, whi ch presents £ x x ( t )

tra ces ta ken at the QHF spike at vari ous temperatures over a long ti m eperiod. At
the lowest tem perature, the average £ x x decreases slowl y wi th ti m e. Ho wever, af ter
som e ti me, di stinguishable j um ps appear in the resistance tra ce. Thei r magni tude
increases wi th ti me, whi le thei r frequency decreases. Thi s Barkha usen-l ike noise
cl earl y reÛects the dyna m icsof ferrom agneti c domains. The domains becom ebi gger
wi th ti me, thus thei r wal ls tha t are responsibl e for scatteri ng becom e shorter and,

Fig. 5. T races of £ xx ( t ) measured in the region of QH F spike at various temp eratures.

Measurements w ere performed at B = 5 : 75 T after a magnetic Ùeld sweep from B

(0. 24 K ) and from B T (0. 7 and 1. 4 K ).
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as a resul t, £ x x ( t ) decreases. The ampl itude of Barkha usen noise decreases as T

increases, and eventua l ly for T = 1 :4 ¤ T C = 1:3 K, no Barkha usen noise is
observed. Theref ore, we can connect thi s noise wi th the QHF f orm ati on not onl y
because it appears exclusi vely in the region of QHF spi kes, but also because i t is
seen onl y in the tem perature range below TC = 1:3 K of the f erromagneti c phase
tra nsiti on.

Slow resistance dyna mics could be in pri nci ple expl ained wi thi n a fram ework
of many m odels pro posed for thi s issue, as the relaxa ti on of nucl ear spin polar-
izati on [16], the form ati on of nucl ear spin g lass [17] or the form atio n of an elec-
tro nic quantum Hal l spin glass [19]. Ho wever, the observati on of such a pro nounced
Barkha usen noise strongly supports a model [7, 18] in whi ch the m etastable fer-
rom agneti c domains are responsi ble for slow resistance dyna mics observed in the
QHF regime.
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