1

Light controlledand probed ferromagnetismof ( Cd ,Mn)Te quantumw ells

P. Kossacki, A. Kudelski, J.A. Gaj

Institute of Experimental Physi cs, Warsaw Universit y,

+R

*

�

�

�

� � �

� � �

� � � � � � �

S

� � ´ � �

�

�

�

F

�

�

D

�

�

�

.

� �

� � .

� � � � .

� �

� � .

� �

� � .

� � � � .

(

Q

H

U

�

> �

P H

9 �

@

� � � � � � � � � � � � � � � �

�

E �

� �

�

�

F

P

�

�

� � �

� � �

� � �

� �

� �

�

�

�

� �

.

( Q H U J \ � > � P H 9 � @

Fig. 1 PL spectra at various temperatures (a) and hole concentrations (b) in p-type

Cd

0. 96

Mn

0.04

Te quantum well. Peak positions of the low energy line are marked by full

circles in (a).

4 transitions involving the electron and hole

ground-state subbands (e1-hh1). In a small

magnetic field H , the line splits into two components, exhibiting opposite circular polarizations,

separated b ythe energy D E . According to Fig. 2, the corresponding effective Landé factor

defined b y g * m

B

= d D E / d H at H

® 0, undergoes a critical divergence at T ® T

C

+ ,

1 ) ( * - - =

C

T T C g . Below T

C

, a zero-field splitting of the line becomes visible with a characteristic thermal shift of its lower component, as shown in Figs. 1 and 3.

None of the above effects have been detected in undoped DMS QW or in p -type nonmagnetic QW. Furthermore, the critical behavior discussed here is in contrast to gradual changes of line splittings as a function of temperature associated with the formation of bound magnetic polarons [20,21], for which the finite volume involved precludes an ysecond order phase transition [20,22]. Thus, the accumulated results lead one to the conclusion [8,9] that the mutual interaction between the 2D hole liquid and the localized spins results in a magnetic phase transition. According to the mean-field approach (MFA) [7], the ground state is ferromagnetic.

The corresponding formula for T

C

has been derived b ysome of the present authors [7-9] and others [23], the applicabilityof the MFA being justified bythe long-range character of the ferromagnetic interactions. In the theor yadopted here [7-9]: ( i) the contribution of short range antiferromagnetic interactions is included in terms of an effective spin concentration and temperature; (ii) the hole-hole interactions are described within the Fermi liquid theor y; (iii) the assumption that the hole liquid is in the highlydegenerate limit is relaxed, and (iv) electrostatic disorder is taken into account b y gaussian broadening of the hole densityof states.

As shown in Fig. 4, there is a good agreement between experimental and theoretical values of T

C

as a function of x and p . The experimental data are obtained b ytracing the position of the lower P L line as a function of T at constant p . This procedure makes it possible to avoid

1 2 3 4

0.00 0

0.00 1

0.00 2

.

1 / g*

T em p era t ure ( K )

Fig.2. Inverse effective Landé factor g* of the PL line in p-type Cd

0. 96

Mn

0.04

Te quantum well showing ferromagnetic transition at T

C

= 2.2 K. The straight line represents the slope measured for bulk

Cd

0. 96

Mn

0.04

Te [18] , and demonstrates no effect of the holes on the Curie constant C.

�

�

�

� � � �

� �

� �

� � � �

� � �

�

� � �

�

� � �

�

�

´ � � � � � F P � �

S � �

� � �

� � �

� � �

� �

� �

� �

7

U

D

W

X U H � �

> � . �

@

3

(

Q

H

U

J

\�

>�

PH

�

� � � � � � � � � � � � �

� E �

$

)

� � �

[

� � �

H

P

SH

U

D

W

XUH

.�

@

�

�

�

�

�

�

�

�

� �

�

� �

P

H

9

�

S

D

U D

I H U U

R

S

�

�

�

� �

F

P

�

7HPSHUDWXUH�>�.�@

Fig. 4 Critical temperature T

C

of the ferromagnetic transition, as a function of the hole (a) and Mn (b) concentrations in p-type Cd

0. 96

Mn

0.04

Te quantum well. Solid lines are theoretical taking enhancement of T

C

by disorder (a) and hole-hole (b) correlation into account. The dashed line in (a) is theoretical neglecting disorder ( G =0 ). The step function (dashed line) is calculated for 2D degenerate hole gas neglecting disorder.

Before discussing experiments aiming at elucidating the microscopic spin arrangement in the lowtemperature phase, it is instructive to contemplate the unusual micromagnetic characteristics of the system. First, because of a strong interaction of the hole spin with strain and confinement potentials [24], the pd exchange energyexhibits an appreciable uniaxial anisotropywith the eas yaxis oriented along the growth direction. Second, the static response function of the 2D degenerate fermion gas is known to be q -independent up to q = 2 k

F

. This means that the magnetic stiffness is small , i.e, that ground states corresponding to ferromagnetic order, q = 0, or to spin-densitywaves

(SDW), 0< q £ 2 k

F

, have similar energies and, therefore, either is a priori possible [9].

Since the eas yaxis is oriented along the growth direction, the intensityof PL lines for the two circular polarizations in the Farada ygeometr yprovide information about the relative amount of spin packets with the two relevant orientations, as shown schematicallyin Fig. 6(a). The difference in the integrated intensities of the two components contributing to the P L line at given polarization, normalized to their values at the initial field H = 0, is depicted as a function of the magnetic field at 1.5 K in Fig. 6(b). The data represents an opticall ydetermined hysteresis loop, from which a number of conclusions emerge. First, these data point to values of remanent magnetization and coercive force below our experimental resolution, M r

< 0.05 M f

and

H c

< 4 Oe, respectivel y. The virtual absence of remanence and hysteresis in the studied system is further supported b ythe observation that the spectra for the two polarizations, that is the amount of two kinds of the spin packets, is identical at H = 0, even after cooling the sample from above

T

C

down to 1.5 K in a magnetic field of 500 Oe . Second, while the in-plane field does not affect the spectra at all, the spin packets become aligned completel yb ythe magnetic field H al

³ 100 Oe applied along the growth axis. This confirms a strong anisotrop y, and raises the question about mechanisms accounting for a relativel ylarge magnitude of H al

.

In order to tell between the models invoking either SDW or ferromagnetic domains, micro- and time-resolved P L studies have been carried out. The micro-PL was performed with 1 m m spatial resolution in both excitation and detection channels. The spectra for both circular polarizations were identical to those obtained over a larger spot. In terms of the magnetic domain scenario there are two explanations to this finding: either the domains are smaller than 1 m m, or domain boundaries move faster than the time of spectra integration (several minutes). Within the

SDW model, short length and time scales are, of course, expected. In particular, after the photoexcitation bya circularl y-polarized pulse, the P L line should loose its polarization during

�

�

�

�

�

�

�

� � � � � �

7 �

� �

�

�

� �

/�

VS

O

LWL

Q

J�>�PH

9�@

Fig. 5 Zero-field splitting of the PL line in p-type

Cd

0. 96

Mn

0.04

Te quantum well as a function of the hole concentration. Solid line is drawn through data; dashed line is calculated neglecting effects of hole-hole correlation on optical spectra.

the time corresponding to thermalization processes, as the SDW eigenstates at H = 0 consist of a coherent superposition with equal weights of the two spin orientations. To check this conjecture, the P Lpolarization degree P was measured as a function of time after resonant excitation within the upper line using circularl ypolarized pulses. As shown in Fig. 6c, during the first 100 ps, P decreases, changes sign, and finallystabilizes at a non-zero value of P = -0.2. T his P value remains virtuallyunchanged as long as the P L can be detected, up to 1 ns. In this time domain the P Lspectrum is similar to that observed in the cw regime and H ¹ 0 ( Fig.6d). Such a persistent polarization was not observed in the paramagnetic phase.

The data above implythat spin relaxation of photocarriers occurs during the initial 100 ps, in good agreement with spin relaxation times measured for electrons in samples with a lower Mn content [25]. Importantly, the non-zero value of P after thermalization contradicts the SDW model. Such an observation can be explained, in turn, assuming the presence of domains. Indeed, in the domain model, the time-independent value of P means that because of tunneling barriers and/or localization, the electron needs more than 1 ns to diffuse to a neighboring domain. The question then arises what is the mechanism accounting for the domain formation and for the magnitude of H al

. From the known magnitude of the zero-field spin-splitting, the value of the domain magnetization M f

, and its contribution to the magnetic induction can be evaluated,

B f

= 4 p M f

= 14 ± 1 Gs at 1.5 K. Since B f

<< H al

, the long-range dipole interactions do not constitute the dominant mechanism driving the domain formation. We suggest tentativel ythat the short-range antiferromagnetic interactions are involved and result in small values of the ferromagnetic correlation length.

5. Summary

Recent magneto-optical studies on properties of carrier-controlled ferromagnetism in p-typ e

( Cd ,Mn)Te-based quantum wells have been presented. It has been found that light control over

1680 1690 1700 0 5 00 1 00 0 1 50 0

- 0.4

- 0.2

0 .0

0 .2

0 .4

-500 0 500

-1.0

-0.5

0.0

0.5

1.0

>100 ps after excitation in s - s - s +

( d )

Photolum inescence

E n erg y [ m eV ]

H

( a )

s + s -

s + s + s -

s -

( c)

Exc itation:

s - h n =1695.5m eV

Polarisation of lower PL line

T im e [ ps ]

( b ) s - s +

B

||

(I1-I2) / (I1+I2)

M ag ne tic Fi el d [ O e ]

Fig. 6 (a) Schematic presentation of PL lines in the presence of magnetic domains; (b) magnetization loop determined from PL intensities in the two circular polarizations for the magnetic field perpendicular and parallel to the QW plane; up and down triangles stand for up and down field scans respectively; (c) time integrated PL spectra taken with the delay of 100 ps after resonant excitation by circularly polarized pulse; (d) time dependence of the polarization degree for the lower PL line.

ferromagnetic correlation is possible over a wide range. Both Curie temperature and zero-field splitting of the luminescence line are satisfactorilydescribed b ythe mean-field approximation, provided that carrier-carrier correlation and static disorder are taken into account. In particular, the transition temperature is weakl yconcentration dependent, whereas the spin splitting is proportional to the concentration of the holes. Results of time-resolved spectroscop ysupport the existence of magnetic domains. It is conjectured that the small value of the remanent magnetization and the large magnitude of the magnetic field aligning the domains reflect the influence of short-range antiferromagnetic interactions.

Acknowledgments

The Polish-French collaboration was supported b ythe Polonium program (03307ZG) and work in Poland was partiallysupported b yState Committee of Scientific Research (grant

5P03B02320).

References

[1] E. A. Pashitskii and S. M. R yabchenko, Sov. Phys. Solid State 21 (1979) 545.

[2] See, H. Krenn et al., Phys. Rev. B 39 (1989) 10918, and references cited therein.

[3] For a review on DMS, see, e.g., T. Dietl, in Handbook on Semiconductors, edited b yT.S.

Moss (North-Holland, Amsterdam, 1994) vol.3b, p. 1251; J.K. Furd yna, J. Appl. Phys. 64,

R29 (1988).

[4] T. Storyet al., Phys. Rev. Lett. 56 (1986) 777.

[5] H. Ohno et al., Phys. Rev. Lett. 68 (1992) 2664.

[6] F. Matsukura et al., Phys. Rev. B 57 (1998) R2037; see also, H. Ohno, Science 281 (1998)

951, and references therein.

[7] T. Dietl , A. Hauryand Y. Merle d´Aubigné, Ph ys. Rev. B 55 (1997) R3347

[8] A. Hauryet al., Ph ys. Rev. Lett. 79 (1997) 511

[9] P. Kossacki et al. Physica E 6 (2000) 709

[10] D. Ferrand et al., Phys. Rev. B 63 (2001) 85201.

[11] S. Koshihara et al., Phys. Rev. Lett. 78 (1997) 4617.

[12] H. Ohno et al., Nature 408 (2000) 944.

[13] T. Dietl et al., Science 287 (2000) 1019.

[14] G.A. Medvedkin et al., Jap. J. Appl. Phys. 39 (2000) L949.

[15] Y.D. Park et al., Appl. Phys. Lett. 78 (2001) 016118.

[16] A. Arnoult et al., J. Appl. Phys. 87 (2000) 3777 .

[17] P. Kossacki et al., Phys. Rev. B 60 (1999) 16018.

[18] G. Fishman, Phys. Rev. B 52 (1995) 132.

[19] J.A.Gaj et al., Phys. Rev. B 50 (1994) 5512.

[20] T. Dietl and J. Spalek, Phys. Rev. Lett. 48 (19 82) 355.

[21] D.R. Yakovlev and K.V. Kavokin, Comments Cond. Mat. Phys. 18 (1996) 51.

[22] C. Benoit à la Guillaume, Phys. Stat. Solidi (b) 175 (1993) 369.

[23] B. Lee, T. Jungwirth and A.H. MacDonald, Ph ys. Rev. B 61 (2000) 15606.

[24] P. Peyla et al., Phys. Rev. B 47 (1993) 3783.

[25] E. Vanelle et al. Phys. Rev. B 62 (2000) 2696.