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N ew st ructures aimi ng at contro lling t he ferromagnetic prop erties of
diluted magnetic semiconductor quantum wells are presented . The carrier

densit y is controlled by applyi ng a voltage across a p À i À n dio de. A new
metho d , creating a 2D hole gas by ad j usting the distance betw een the quan -
tum well and surf ace, o˜ers opp ortuni ties for a broader range of structures.
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1. I n t rod uct io n

T o contro l the pro perti es of m agneti c m ateri als woul d be hi ghly desirable
from funda menta l and technological vi ewpoints, parti cul arl y in vi ew of recent de-
vel opm ents in m agneto -electro nics and spintro ni cs. Di luted m agneti c semiconduc-
to rs (D MS), where ferromagneti c intera cti ons are m ediated thro ugh free carri ers,
are parti cul arly attra cti ve since they o˜er the possibi l ity to m odul ate the m ag-
neti c properti es by m odul ati ng the carri er density . The Ùrst dem onstra ti on has
been perform ed by Ohno et al . [1] wi th I II{ V DMS layers inserted in a Schot-
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tky diode. They demonstra ted tha t a gate vol ta ge of +1 25 V changes the Curi e
tem perature T C by about 1 K in a Ùeld-e˜ect tra nsistor based on a (In, Mn)As
thi n layer.

2 . R esul t s an d d iscu ssio n

W e have demonstra ted [2, 3] electri c-Ùeld contro l of ferrom agneti sm in a
Cd 0 : 9 6 Mn 0 :0 4 T e quantum well (QW ). By appl yi ng an electri c Ùeld we were abl e to
vary isotherm al ly and reversibly the magneti sm in the QW . The MBE grown semi-
conducto r structure used in R ef. [2] (Fi g. 1) consisted of a Cd 0 :65 Zn0 : 08Mg 0 : 27T e

diode grown on a Cd : Zn : Te substra te. The back barri er doped wi th
alum inum ( -typ e) resided 320 nm away from the QW . A single, 10 nm thi ck,
CdMnT e QW wa s intro duced in the intri nsi c layer 10 nm away f rom the - typ e
(do ped wi th ni tro gen) conta ct layer. W i tho ut any appl ied vol ta ge, a nomina l ho le
concentra ti on of cm wa s present in the QW . As shown in Fi g. 1b,
cl ear diode characteri sti cs were obta ined al lowing us to m odi fy the carri er
concentra ti on in the well by appl yi ng a reverse bias.

The onset of f erromagneti sm and the carri er concentra ti on were opti cal ly
determ ined: the experim ental evi dence f or the presence or not of a ferrom agneti c
tra nsiti on was given by the sponta neous spli tti ng, below a characteri stic tempera-
ture , of the pho tolum inescence (PL) l ine corresp ondi ng to the energy gap in the
QW region. At the sam e ti me, a cri ti cal diverg ence of the Ùeld induced spli tti ng
at was observed. Mo ss{Burstei n shi ft between the PL and i ts exci ta ti on
spectrum (PLE) was used to determ ine the hole density . The strong decrease in
the Mo ss{Burstei n shift, observed for a reverse bias dem onstra tes the inÛuence of
the appl ied vol ta ge on the hole concentra ti on. The appl icati on of a reverse bi as of
{ 0.7 V led to a decrease in the hole concentra ti on to zero in the QW . Fi gure 2a
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Fig. 2. Photolumin escence spectra of a C d0 : 9 6 Mn 0 : 0 4 Te QW intro duced in a CdZnMgT e

dio de measured at various temp eratures: (a) w ithout bias, (b) w ith a { 1 V bias. Figure c

show s the evolution of splittin g (i. e. magneti zation ) b etw een low and high energy lines

as a function of temp erature (¯ : without voltage, Â : {1 V ). A bo ve T C = 2 :9 K the

splitti ng vanishes.

presents PL spectra col lected for the structure shown in Fi g. 1 in the ab-
sence of an externa l magneti c Ùeld at vari ous tem peratures. As shown, the phase
tra nsiti on occurs below appro xi matel y 3 K in thi s sampl e. As shown in Fi g. 2b,
at a reverse bi as of { 1 V no signature of the ferrom agneti sm is observed in the
PL spectra down to 1.5 K. Fi gure 2c shows the zero-Ùeld spl i tti ng of Fi gs. 2a, b,
pro porti onal to the local Mn m agneti zati on due to the giant Zeeman e˜ect, as a
functi on of tem peratures for the two values 0 V and { 1 V of vol ta ge across the

diode.
In the structure studi ed in Ref. [2] and shown in Fi g. 1, N and Al were used for

- and -typ e dopi ng, respectively. W e present here the observati on of high carri er
densiti es and carri er- induced ferrom agneti sm in CdMnT e QW s incorp orated, close
to the surface, in nom inall y undo ped sam ples. The 10 nm thi ck CdMnT e QW was
embedded in Cd Zn Mg Te barri ers (Fi g. 3a). As shown in Fi g. 3b, for a
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Fig. 3. (a) Sketch of the samples, (b) hole gas concentration deduced from Moss{

Burstein shift measurements in C d0 : 99 Mn 0 : 0 1 T e QW located at di˜erent distances from

the surf ace. Dashed line is a guide for the eyes.

QW wi th a Mn content of about 1%, varyi ng the di stance of the QW from the
surf ace al lowed us to change the hole density (up to 2 È 1 0 1 1 cm À 2 for a QW located
20 nm below the surface) and thus the m agneti zati on of the DMS QW . For a cap
layer of 25 nm and 4% of Mn in the QW , a ferrom agneti c phase tra nsi ti on was
opti cal ly observed wi th a cri ti cal tem perature of about 2.5 K.

The presence of a hole gas in the QW demonstra tes the existence of surface
states electri cal ly acti ve as acceptors, whi ch we tenta ti vel y attri bute to the f or-
m ati on of a surface oxi de layer duri ng expositi on of the sam ple to the ai r. Indeed
a negligibl e concentra ti on of carri ers wa s observed when we pro tected the sampl e
from oxi dati on by depositi ng an amorpho us Te layer. Yang et al . [4] observed by
surf ace photo vol ta ge spectroscopy an acceptor surface state on CdZnT e layers,
due to the presence of T eO . In the sam e way, W asik et al . [5] evidenced free
electron tra ppi ng by surf ace defects in CdT e/ CdMg T e hetero struc ture s wi th QW
lyi ng cl ose to the surface. In order to be able to contro l the oxi datio n of the surface
and consequentl y the hole density in the CdMnT e QW , we perf orm ed a deta i led
surf ace study of the oxi datio n ki neti csof the surface of Cd Zn Mg Te (001)
by X- ray photo electron spectroscopy (XPS). Fi gure 4 presents the XPS spectra of
the core levels of T e before (a) and after (b) oxi datio n for 13 hours at room
tem perature and oxygen pressure of 1 bar. The second l ine, whi ch app ears at a
hi gher bindi ng energy (575.8 eV) for the oxi dized sam ple, corresponds to the f or-
m ati on of T eO [6]. In Fi g. 4c, we plotted ti m e evoluti on of the TeO l ine relati ve
intensi ty to the to tal intensi ty (l ines correspondi ng to CdZnMg T e and T eO ). Us-
ing a photo electro n escape depth of 1.2 nm for the T e core level [7], we estim ate
tha t a rati o of 0.25 corresponds to the form ati on of about 1 ML of oxi de. Thus i t
app ears tha t the oxi dati on of the surf ace is rather di£ cult. The opti cal determ i-
nati on of the hole density shows tha t a hole density cm is obta ined in
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Fig. 4. X PS spectra of Te 3d core levels obtained for clean C d0: 6 5 Zn 0: 08 Mg 0: 2 7 Te (001)

surf ace (a) and af ter 13 hours of oxidation (b). I ntensity of Te d p eak corresp ondi ng to

telluri um oxide relative to the total intensity of the T e peaks, as a function of oxidation

time (c) for tw o samples ( and ).

a 4%Mn CdMnT e QW located 25 nm below the surface for an oxygen exp ositi on
of 88 hours.

In summary we show tha t doping of a CdMnT e QW from the surf ace states
can be as e˜ecti ve as usual modul atio n dopi ng wi th ni tro gen. The presented new
wa y of doping enlarges the possibi l i ti es of contro l l ing carri er- induced ferrom ag-
neti sm in quantum wel ls.
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