
DIETL et al.: FERROMAGNETIC SEMICONDUCTOR HETEROSTRUCTURES FOR SPINTRONICS 947

Fig. 2. Effect of (a) temperature, (b) bias voltage, and (c) illumination on the photoluminescence of the structure consisting of modulation-doped p-(Cd,Mn)Te
quantum well and n-type barrier. (a) Zero-field line splitting (marked by arrows) witnesses the appearance of a ferromagnetic ordering, (b) which does not show
up if the quantum well is depleted from the holes by reverse bias of p-i-n diode. (c) Low-temperature splitting is enhanced by additional illumination by white
light, which increases hole concentration in the quantum well from the initial value of 2 × 1011 cm−2 (the lowest trace) up to about factor of two higher (the
uppermost trace) (after [40]).

field of |EG = VG/t| = 1.5 MV/cm changes several percents
of total hole concentration p. This reversible change of TC by
EG = ±1.5 MV/cm, which was determined using the Arrott
plots, can be as large as 4 K for 4-nm thick (In,Mn)As [39].
This is a definite proof that the ferromagnetism in this ma-
terial is hole induced. Another effect of EG is the change
of coercive force Hc, at which magnetization reverses its di-
rection, i.e., greater (smaller) Hc for negative (positive) EG.
By using this phenomenon, a new scheme of magnetization
reversal, i.e., an electric-field-assisted magnetization reversal,
has been demonstrated [39]. Under a certain applied field H ,
Hc is electrically modified from its original |Hc| > |H| to
|H ′

c| < |H|, thereby electrically triggering the magnetization
reversal. Once TC becomes high enough, this scheme may be
useful for future magnetic-field-recording technology, where
the magnetic anisotropy for retaining information becomes so
large that it is almost impossible to change the magnetization
direction by field alone. Although there have only been limited
success on (Ga,Mn)As [52], recent progress in low-temperature
deposition of high-quality insulator made it possible to observe
similar electrical modulation of TC and Hc in (Ga,Mn)As [53].

The change of magnetic properties and Hc in (In,Mn)As has
also been demonstrated by light irradiation, where the photo-
generated carriers play a role [37], [54]. Due to the existence of
persistent photoconductivity, the phenomena are not reversible
at a given temperature: In order to return to its original state,
the sample needs to be heated. The magnetization enhancement
of (Ga,Mn)As by circularly polarized light illumination has also
been observed for (Ga,Mn)As and Mn δ-doped GaAs [52], [55].

In the case of Mn-based II–VI DMS, tuning of the ferro-
magnetic field by electric field and light was demonstrated in
the case of modulation-doped p-(Cd,Mn)Te/(Cd,Mg,Zn)Te:N

heterostructures [7], [40], as depicted in Fig. 2. Actually, these
findings can be quantitatively interpreted [40], [56] by con-
sidering the effect of the electric field or illumination on the
hole density under stationary conditions and, therefore, on the
Curie temperature in the relevant magnetic layers. Interestingly,
according to experimental findings and theoretical modeling,
the photocarriers generated in II–VI systems by the afore-
mentioned barrier illumination destroy ferromagnetic order in
the magnetic quantum well residing in an undoped (intrinsic)
region of the p-type–intrinsic–p-type (p-i-p) structures [7], [40],
but the photocarriers enhance the magnitude of spontaneous
magnetization in the case of the p-type–intrinsic–n-type (p-i-n)
diodes [40], as shown in Fig. 2. This dissimilarity originates
from the fact that the bands’ bending drives photoelectrons
toward the quantum well in the p-i-p structures, where they
diminish the carrier-mediated ferromagnetism by recombining
with the preexisting holes. By contrast, in the case of the p-i-n
structures, the ferromagnetism is enhanced, as the photoholes
now migrate toward the quantum well [40].

A possibility of controlling ferromagnetic correlation by
the gate voltage has also been demonstrated in the case
of n-type modulation-doped (Cd,Mn)Te/(Cd,Mg)Te:I hetero-
structures, albeit typically below 1 K [57], [58]. In partic-
ular, it has been found that a strong increase of resistance
on lowering temperature and the associated colossal negative
magnetoresistance [57] reflect a nonuniform spatial distribution
of the electrons at the localization boundary. In the regions
where the carrier density is large, ferromagnetic correlation
sets in, which results in the appearance of randomly oriented
ferromagnetic bubbles. Similar to the case of manganites, this
leads to carrier localization and a corresponding significant
increase of resistance at low temperatures, which, however,


