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Magneto-optic properties and ferromagnetism of(In,Mn )As/(In,Al )As/(Ga,Al)Sb heterostructures
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Reflectivity and polar Kerr-rotation measurements @fi,Mn)As/(Ga,Al)Sb-based diluted-magnetic-
semiconductor heterostructures over a photon-energy range of 0.7—-3 eV in magnetic fietd8 dpare
presented. The spectra were taken at a temperature of 5.5 K well below the ferromagnetic ordering temperature
of ~35 K. The distinct energy gaps of individual layers in a heterostructure lead to very structured reflectivity
and polar Kerr spectra. Based on a model calculation, a correlation between local minima in the reflectivity and
peak position in the Kerr spectra is established. Magneto-optic hysteresis loops reveal a large squareness
reaching 100% in some samples. In addition, Kerr spectra in the remanent state are almost identical to spectra
in a saturating magnetic field indicating that paramagnetic contributions are unimportant and the entire Kerr
spectra is dominated by interband transitions involving ferromagnetically ordered spins. From a detailed
analysis it is concluded that these interband transitions originate exclusively from transitions involvingg Mn 3
local moments within th€ln, Mn)As layer. From the dependence of the magneto-optic propertigdnon
Mn)As thickness, a correlation between lattice mismatch and perpendicular magnetic anisotropy is confirmed.
The influence on the ferromagnetic exchange oflafAl)As interlayer between thgn,Mn)As/AlSb interface
is demonstrated to reduce perpendicular magnetic anisotropy but not to destroy ferromagnetic ordering in the
(In,Mn)As layer.[S0163-182606)01522-6

INTRODUCTION can be attributed to strain-induced crystal anisotropy by a
lattice mismatch of 0.6-1.3 % betweefin,Mn)As and

Diluted magnetic semiconducto(®MS) are suitable for  (Ga,A)Sb layer$
studying magnetic and electronic properties as well as coop- In this work we examine the magneto-optic properties of
erative effects caused by spin-exchange interaction betwedi,Mn)As/(In,Al)As/(Ga,A)Sb 1lI-V DMS heterostructures
conduction carriers and local magnetic moments. The suc@nd discuss the dependence of ferromagnetism on structure
cessful demonstration of epitaxial growth @h,Mn)As thin  Parameters such as the thickness of(ingMn)As layer and
films!~® has provided the opportunity to investigate a newthe influence of arfin,Al)As spacer layer on the long-range
class of technologically important 1ll-V DMS. Taking ad- Magnetic order. Concerning the spacer-layer dependence, we
vantage of Ill-V semiconductor properties and fabricationintend to clarify the conjecture of a potential ferromagnetic
technology, it is possible to control the type and number ofXchange across thén,Mn)As/AISb interface as suggested
carriers over a wide range and, most importantly, to desigiy Previous experlmenﬁs.Magneto-ppuC spectroscopy is
heterostructures to change average distance between carri€ROWn in this work to be a magnetic-layer-specific method
and local magnetic moments. with wh_lch we can focus on the exc.hal_wge. within the ferro-

A good example demonstrating the interplay betweerMagnetic (in,Mn)As top layer. This is in contrast to
conduction carriers and local magnetic moments in the I1l-vMmagneto-transport experiments where carriaales exist-
DMS is the striking perpendicular ferromagnetic order ining not only in the(In,Mn)As but also in the nonmagnetic
p-type (In,Mn)As/(Ga,A)Sb heterostructures which is be- AISb Iaye_zrs are contributing to_the tra_nsport gffects. T_here-
lieved to be caused by carrier (hole-induced fore, thg influence of th.ose carriers whlgh are involved in the
ferromagnetisni~8 The (In,Mn)As/AISb system shows a fer- Magnetic exchange m|ght be small. First results have been
romagnetic transition af.=35 K with strong perpendicular Published befor® showing for a heterostructure a strong
magnetic anisotropy/ From the Hall resistance of Magneto-optic effect with a maximum Kerr rotation of 0.18°
INg ggMNg 1AS(diys)/AISb(0.1-0.3 um)/GasS0.3—-1.0 um)  at 1.65 eV.
heterostructures it is concluded that ferromagnetism domi-
nates only in a narrow thickness regimedafs=5-20 nm?
Similar results are found iin,Mn)As/Ga _,Al,Sb hetero-
structures in the entire range<@<128 However, in The heterostructures investigated were all grown by
(In,Mn)As/AISb, _,As, structures perpendicular ferromag- molecular-beam epitaxfMBE). A typical layering sequence
netism is significantly weaker and vanishes completely ats sketched in Fig. 1. All nonmagnetic IlI-V layers were
z=0.15. At this As concentration a nearly lattice-matchedgrown at substrate temperatures=480-580 °C. The semi-
condition between the constituent layers is established. As msulating GaAg100) substrate is first covered with 300 nm
result, the occurrence of perpendicular magnetic anisotropgaAs for smoothing the substrate surface. In a second step, a
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infrared part and a 150 W xenon high-pressure lamp for the

}TS=200°C visible and ultraviolet part of the spectrum were used. An
Oxford optical cryostat with a split-coil superconducting
Ing s AlysAs (0-24 nm) ; D
n"s G € magnet provided magnetic fields up ¥ T attemperatures
down to 4.2 K. In order to account for the Faraday rotation
%// T, = 480-580° C of cryostat windows and other optical components within the
GaSb (400-600 nm) field of th f ith
%/////////////////////////////// stray field of the magnet, a reference measurement with an

aluminum mirror (Kerr rotation negligibl¢ was done first.
The result was subtracted from the sample measurement
yielding a corrected Kerr rotation of the sample. To cancel
the influence of any birefringence of nonmagnetic origin
(e.g., stress-inducgdall measurements were taken in both
positive and negative magnetic fields and then averaged. Po-
lar Kerr hysteresis loops were taken in a similar way on the
same setup.

Reflectivity measurements were done with unpolarized

i

FIG. 1. Sketch of the layering sequence(in,Mn)As hetero-
structures grown by MBE. The Gaf90 substrate is semi-

insulating. A 300 nm thick GaAs layer is for smoothing the sub- . . ;
strate surface while a 400—600 nm thick GaSb layer is used tjght relative to an aluminum reference mirror and thereafter

accommodate the large lattice mismatch between GaAs and Alsborrected with tabulated data for alumind?nTherefore_, the
which has a relatively good lattice match (i@,Mn)As. magnitude of the reflectivity spectra shown in this work
might include an error of a few percent but the relative size

GaSb buffer layer of 400 nm is added in order to reduce thé"?d position of the features in the spectra are not affected by
large lattice mismatch between the AISb and the GaAs laythis procedure.

ers. An AlISb layer is grown next with a thickness of 100—

200 nm. Finally, the DMS In_,Mn,As layer is deposited at OPTICAL RESULTS (REFLECTIVITY )
$g:;ggocthvgitmﬁigﬁii ?)rf]daWitgt:n:glclégerfierszt;v 1e9erTth]He It has to be emphasized at this point that it is not the
magneti>c/(|n,Mn)As and the AISpb layer on the ferromagnetic purpose of this study to make an unambiguous assignment of

exchange. an | As spacer laver of thickness up to 24 the features in the reflectivity spectrum as one would need a
9¢, M 05AS SP y ) P thorough analysis of the optical properties of the heterostruc-
nm was grown in between. The loWg growth yields a ho-

mogeneous(inM)As alloy in the zinc-blende structure tures for that. The idea is rather to understand qualitatively

without a macroscopic ferromagnetic MnAs second phase agow DMS-layer thickness and spacer-layer thickness influ-
confirmed by TEM measuremenSA schematic phase dia- nce the reflectivity. This is important for the comprehension

ram is olotted in Eia. 2 of the magneto-optic properties of the IlI-V DMS hetero-
9 P 9. 2. structures as the polar Kerr rotation strongly depends on the

Polar Kerr-rota’qon measu,_lrements were performed_ on %ptical functionsn (index of refractiom andk (index of ab-
fully automated high-resolution Kerr spectrometer using asorptior) as will be discussed below

zti?gg%g ils?frz(c_)lgutlgfg dngtdjylglwﬁgczgr]\i lgggpﬁlzaﬂ;it'og The individual layers of the heterostructures are mostly
q y 9 semiconducting. Their thicknesses are except for the GaAs

Ifﬂirf&jsaii drgocicutlﬁéoga;h?e;'%ﬁa\évzsn |Ir; Cffelgtss?:‘gnm;% fro substrate less than the wavelength of the incident light.
the normal. The photonF-)energy rangg extended from 0.7 to herefore, the reflectivity spectra are expected to be domi-
eV As Iigh.t sources a 100 W tungsten halogen lamp fbr . ated by structures relating to the direct energy gaps of in-

: Bividual layers and by interference effects. Table | collects

for the heterostructures investigated in this work the direct

T (°C) energy gapEy", at low temperature¥, and the thickness of
growth inhibited the individual layers. Within the energy range covered in this
400 X~ 0.03 work, only AlSb and(In,Al)As are transparent up te2 eV.

Therefore, we can divide the energy range into two sections.
Below 2 eV, structures can originate only from electronic

transitions in the(In,Mn)As and the GaSb layers. Interfer-

ence effects are only to be expected from the AlSb and the

GaSb layers because ttle,Mn)As and the(In,Al)As layers

are too thin. The critical thicknessl,;, for a constructive

i ‘ i ‘ ‘\UH\H‘\\MH\‘\H.\HHHHHHH i HIIT
I msemoenscs ]

i “ AT i i
|lll with ferromagnetic MnAs cluster,}

300

1 ‘ ;‘ p-type (In, Mn)As + MnAs ;‘ “ ‘ “ [
i I
‘} \‘ : I ‘

p-type (In, Mn)As on (Ga, A)Sb/GaAs(100)

j:: %///// olycrymnl Optical-interference2:::i |(r12 jrj‘lle)ct);n is roughly give(:)by

Mn concentration x in In;_ Mn,As
wheren is the index of refraction of a transparent matenial,

FIG. 2. Schematic diagram showing the physical properties ofS the wavelength of the light, andis an integer. This for-
(In,Mn)As grown on(Ga,A)Sb/GaA$100) in relation to the two ~Mula is valid for a free-standing layer facing air. A phase
growth parameters, substrate temperature, and Mn compositioghift of 180° at the front surface and none at the back surface
Lines are meant to be a rough guide. is taken into account. In the heterostructures, the situation is
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TABLE I. Direct energy gap and thickness of the individual layers of the heterostructures.

Direct gapEg" INg.gMiNg 1 AS Ing.sAlp AS AlSh GaShb GaAs

at 4.2 K(Ref. 13 ~0.42 eV ~1.77 eV 232 eV 0.81 eV 152 eV
R1350 9 nm 0 nm 136 nm 400 nm 300 nm
R1351 9 nm 0 nm 0 nm 600 nm 300 nm
R1356 9 nm 3.5 nm 140 nm 600 nm 300 nm
R1357 9 nm 7 nm 140 nm 600 nm 300 nm
R1385 19 nm 0 nm 145 nm 600 nm 300 nm
R1388 18.5 nm 24 nm 145 nm 600 nm 300 nm

much more complicated because the layers are either nastructuresC-C”. On the other hand, the absorption coeffi-
transparent or they are facing an absorbing layer instead afient,K g, is larger than X10* cm™* above 1 eV yielding
air. Yet, Eq.(1) is appropriate for a rough estimate. Taking a penetration depth of the light of less than 500 nm. There-
di,v=20 nm andn between 2-4, we get an interference fore, the argument that th@-C" peaks are due to an inter-
wavelengthA=160-320 nm which is more than 3 eV in ference effect is a rather tentative conclusion at present. Fea-
photon energy. Therefore, such thin layers as(theMn)As  turesD andD' are found in all heterostructures independent
or the (In,Al)As layers do not show an interference effectof the underlying layers. It is tempting to assign them to the
within the energy range covered in this work. The GaAs(In,Mn)As layer. However, it should be noted that such fea-
layer and substrate will not contribute to the reflectivity spectures have not been observed in 24 thick (In,Mn)As
tra as the penetration depth of the light is not deep enougHilms.®
Above 2 eV, no interference effects will be present any more In Fig. 4 we plot the reflectivity spectra at a temperature
and electronic transitions may arise from all layers includingof 5.5 K for two (In,Mn)As/AISb heterostructures with
AlISb and(In, Al)As. DMS-layer thicknesses of 9 and 19 nm. The structures are
The reflectivity spectrum at a temperature of 5.5 K of thelabeledA throughE. Most features are present in both het-
simplest heterostructurén,Mn)As/GaSb with a DMS-layer erostructures. Peak andB are not shifted whereds and
thickness of 9 nm, is shown in Fig. 3. Several features can bB’ are shifted towards lower energy in the sample with a
distinguished, labeledA through D. By referring to an thicker DMS layer. Feature§ andC’ are not present in the
analysis* of the optical properties of InAs and GaSb, anthicker DMS sample which has a single structute at
assignment of some of the structures is attempted. The moslightly higher energy. Peak is assigned tclEg'r in AISb as
prominent peakA is assigned to ai; transition(notation it is close toES"=2.32 eV and does not shift in the two
according to Ref. 18in GaSb at 2.15 eV which appears as asamp|es_ FeatureB, C, andC’ cannot be assigned unam-
sharp kink at 2 eV in the absorption spectfale may fur-  piguously. Interference maxima due to the AISb layer are
ther assign structur8, which is lowest in energy, to the expected to be separated by 1.35(@V-3.3,k=0). The only
direct band gapE{"=0.8 eV in GaSb. At slightly higher feature at that energy is peaK. But the sample with thicker
photon energies, three peaks are fouBdC’,C”, with an  DMS layer does not exhibit a peak at that energy although
equal energy spacing of 0.25 eV whose amplitudes decreasie AlSb-layer thickness is almost the same.
monotonically with increasing photon energy. They could be The influence of ar{in,Al)As-spacer layer on the reflec-
explained in terms of interference within the GaSb layer.tivity spectra is depicted in Fig. 5. StructurBs D, andD’
Using Eq. (1), neglecting absorptiotk=0), and assuming appear at about the same energy as in the samples without
n=4 for GasSb'® an energy separation of 0.26 eV of the spacer layetFig. 4 whereas the main featuteis shifted to
interference maxima is calculated for a 600 nm thick GaShower energy but does not show a dependence on spacer-
layer, in good agreement with the energy separation of the
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FIG. 4. Reflectivity spectra of two fpdMng 1,AS/AISb hetero-
structures with 1pggdVing 1 As-layer thicknessly,s=9 nm (H) and
19 nm(A).

FIG. 3. Reflectivity spectrum of an drgVing1,As(9 nm)/
GaSKh600 nm) heterostructure.
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FIG. 5. Reflectivity spectra of fgVing 1,As/Ing sAl o sAS/AISh FIG. 7. Polar Kerr hysteresis loop at 5.5 K of an
heterostructures with different JgAl sAs-layer thicknesslg;=3.5  Ing ggMing 1,As(9 Nm)/AISb(136 nm heterostructure at a photon en-
nm (M), 7 nm(A), and 24 nm(*). ergy hw=1.65 eV.
layer thickness. This is in accordance with a lowf" indicates that paramagnetic contributions are negligible and

=1.77 eV in(In,Al)As as compared to AlSh. Consequently, the whole spectrum is related to spin-polarized electronic
peakA is associated witIEg" in (In,A)As. StructureC and  transitions which can solely be dge_ to Md ®cal moments.

C' from Fig. 4 are not present. Pe&konly appears in the The Kerr spectra shov_v three distinct featu_res. At 1.65 eV
sample with thicker DMS layer as seen in both Figs. 4 and 5(P€aka), the Kerr rotationd reaches a maximum value of

This suggests that pe@kmight be due to a Mn transition as 0-18°. A small structureg appears at 1 eV. Finally, an
they have a larger oscillator strength in thicker DMS layers S-Shaped structure, labeledis observed at 2.5 eV. Besides
these dominant features, some very small péaks\) arise

at 0.8, 1.3, and 2.15 eV, respectively, reflecting the rich
structure of the reflectivity spectrufirig. 4).

Polar Kerr-rotation spectra of an ggMng 1,AS(9 nm)/ Ferromagnetic order is nicely demonstrated in polar Kerr
AISb(136 nm) heterostructure are shown in Fig. 6 at a tem-hysteresis loops as plotted in Fig. 7. The loop was taken at a
perature of 5.5 K which is well below the Curie temperaturephoton energyiw=1.65 eV corresponding to the maximum
Tc=35 K. The spectrum in a high magnetic field of 3Aig. 6« . The heterostructure exhibits strong perpendicular mag-
6(a)] where magnetic saturation is achieved is almost identinetic anisotropy also found in Hall measuremépielding a
cal to the spectrum in the remanent stffég. 6b)]. This  squarenesg"/ 652=1. The high squareness is also re-
flected in the similarity of the remanent spectra with the one
at 3 T. A small coercive fieldH.=0.055 T is deduced from
o Fig. 7. The displacement of the hysteresis loop by 0.05° is
' due to intrinsic birefringence of the sample which originates

-\ from stress in the layers due to, e.g., lattice mismatch. Such
Y T\ birefringence leads to an extra field-independent rotation of
LI \ '.,("'"-’ the light-polarization direction.
\.\ In Fig. 8, we show the polar Kerr-rotation spectra for two
5 different heterostructures to point out the sensitive depen-
dence of the spectra on heterostructure parameters such as
DMS-layer thickness and the materials adjacent to the DMS
. layer. Tre 3 T spectrum of an JpdMng 2AS(19 nm)/
0.2 ® ' P ' AlISb(145 nm sample[Fig. 8a)] shows only a weak feature
| a at 1.8 eV. The maximun# has shifted down to 1.25 eV
To55K A \ (peak,G')_ as compared to the sample with a thin_ner DMS
01k j‘\‘ . / \A ¥ i layer [Fig. 6(a)]. However, an S-shaped structugeis ob-
[
A

MAGNETO-OPTIC RESULTS

0.2

0.1r

0.0 =

In g g M, |, As (9nm)/ AISb

A
B = remanence £

Polar Kerr Rotation (deg)

I\ served again at 2.55 eV. Furthermore, two small features
e, (6,\) can be distinguished at 0.85 and 2.2 eV, respectively.

J f The remanence spectrum is only about 50% of the spectra at

0.0 ‘\ ] 3 T but all features are preserved.

\/ In Fig. 8b), the saturation and remanence spectra of an

Ing g Mng 1, As (9 nm)/ AISb Ing ggVing 1,AS(9 Nnm)/GaSk600 nm) heterostructure are de-

0 1 > picted. As in the case of the JggVing 1,As(9 nm)/AISb(136

Photon Energy (eV) nm) sample(Fig. 6), the remanence spectrum is almost iden-

tical to the one at 3 T, yielding a squareness of the Kerr

FIG. 6. Polar Kerr-rotation spectra at 5.5 K of an hysteresis loops close to 1. However, the spectral depen-

Ing gdMNg 15AS(9 NM)/AISb(136 nm) heterostructure ifa) a field of ~ dence is quite different from Fig. 6. There is no sharp struc-

3 T and(b) in the remanence state as a function of photon energyture with the exception of an S-shaped featyreaky) at 2.6

W
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FIG. 8. Polar Kerr-rotation spectra at 55 K dB) an FIG. 9. Polar Kerr hysteresis loops at 5.5 K ¢ an

Ino.ggMNo.12AS(19 NM/AISD(145 nm heterostructure andb) an  Ing gg\ing 1 ,AS(19 NM/AISb(145 nm heterostructure andb) an
Ing gdMNg 1AS(9 NM)/GaSKE00 nm heterostructure as a function  |n, gdving 1 ,As(9 NmM)/GaSk600 nny heterostructure at a photon en-
of photon energy in a field of 3 TH) and in the remanence state ergy%w=1.2 and 1.5 eV, respectively.
(AN).

layer thicknesslg, is demonstrated in Fig. 11. The loops are

eV. The rest of the Kerr spectra is dominated by a broadaken at the photon energy of the maximég The square-
peaka at 1.5 eV with a few small feature®,s,e,\) on top ~ Ness as well as the coercivity decreases with increating
of it. While H.=0.02 T fordg,=3.5 nm, it decreases t6.=0.015

Polar Kerr hysteresis loops df) the (In,Mn)As/AISb
sample with 19 nm DMS-layer thickness and @) the . .
(In,Mn)As/GaSb sample are shown in Fig. 9 at a photon .h
energy of, respectively, 1.2 and 1.5 eV which corresponds to 0zp BosT  Ps [ —o—dy=Tnm
the maximuméy in these samples. A reduced squareness is
clearly seen in Fig. @. The coercive field amounts in both
heterostructures tbl.=0.03 T which is only half the value
of H. in the (In, Mn)As/AISb sample with 9 nm thick DMS
layer (Fig. 7). Such a reduction in coercivity has been ob-
served before in Hall measuremefits.

The influence of an IysAly sAs-spacer layer on the Kerr
rotation is shown in Fig. 10 for a spacer-layer thickness
ds;=3.5, 7, and 24 nm. The spectra are measurethjira
magnetic field 63 T capable of saturating the samples and
(b) in the remanent state. At 3 [Fig. 10@)], 6« reaches its
maximum at 1.45 eV in the heterostructures with=3.5
and 7 nm(peaka). The sample with the thickest spacer layer 0.00
ds;=24 nm does not show a peak at that photon energy but
reaches a maximurgk at 1 eV(peakp). An S-shaped struc- = d,=35nm
ture (peak y) centered at 2.55 eV is found in all three -0.05 T
samples with spacer layer. Looking at the remanence spectra *

[Fig. 10b)], a Kerr rotation of 25% of the saturation value is

(a) m % —=—d,=35nm

®) %1
0.05 | B =remanence e i

Polar Kerr Rotation (deg)

105 Mng i As/Ing 5 Al sAs (d,)/ AlSh

-0.10

obtained for the sample with the thinnest spacer layer 0 1 9 3
(dsp=3.5 nm), whereas for the sample with,,=7 and 24 nm Photon Energy (eV)
only 14% is reached. Because of the snllvalues, a re- FIG. 10. Polar Kerr-rotation spectra as a function of photon

manence rotation can only be separated from noise in thgnergy at 5.5 K of IpsdMng 12A/INg Al  AS(ds)/AISb hetero-

latter samples at 1.45 and 1 eV, respectively, whéte structures with Ip Al sAs-spacer layer thicknesk,=3.5 nm(M),

reaches its maximum value. 7 nm(A), and 24 nm(*). The spectra are measured(@ a field of
The change in the polar Kerr hysteresis loops with spacer3 T and(b) in the remanence state.
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_Sa1S81 " SaiSp)

I g5 Mng 1, As/Ing s Al sAs (d, )/ AlSb = _ 3
o.z-(a) e ' S,18p11S4Sp,
00 dp=350m jf This leads in general to the well-known proportionality be-
’ L/ tween polar Kerr rotation and perpendicular component of
JI roe 145 ey the magnetization of the sample. The relation betw'é%n
02 Tessk | and the experimentally accessible Kerr effet= 0, —i 7k ,
— : : : whereé and 7, are the Kerr rotation and ellipticity, respec-
g 05w | tivel g gi enKb the following formuld?!
s ively, is giv y Wi ula:
g d_=7nm }/ 1
2 04 7 1
< . —~
s ~ A4 T
2 1 G=—— —— (%)
£ 03f ;ﬁ 1 o R(1-R?
x / ho=145eV
5] w=145¢ —_ ) 3 ) X )
3 0.2-'=~=ff‘ . T=55K 1 wheren=n—ik is the complexrelative index of refraction
- ' ' and w is the frequency of the light. Note that relative index
040F© /'% of refraction means the ratio of the indexes of refraction of
0ash dp=24nm ] the two media which form the interface where the light is
' reflected off. Thus is identical with the complex index of
030k A 1 refraction of the magneto-optic material itself only for a sur-
§ face facing vacuum.
025} o5k As is evident from Eq(4), the Kerr effect is not simply
10 Yy 00 05 10 proportional oo, , but depends in_a nonlinear way anin

Magnetic Field (T) the case oh=1, an enhancement if will occur, which is
called an optical-enhancement effect. Such a condition is
FIG. 11. Polar Kerr hysteresis loops at 55 K of given, e.g., near the plasma edge of a metal where the reflec-
Ing ggMNg 1AS/INg Al o sAS(ds)/AISb  heterostructures  with an tivity reaches a minimum. A plasma-edge enhancement has
Ing sAl g sAS-spacer layer thicknesk,=3.5 nm(a), 7 nm(b), and  been observed in the rare-earth chalcogenides TmS, TmSe,
24 nm(c) at a photon energw=1.45, 1.45, and 1.2 eV, respec- and NdS®!” Becausen is the relative complex index of
tively. refraction in Eq.(4), an optical-enhancement effect can also
be produced by an appropriate layer adjacent to the magneto-
T for dg,=7 nm and vanishes fat,,=24 nm. However, even optic material. We strongly believe that this is the situation
for the heterostructure with the thickest spacer layer investiin the heterostructures described in this work.
gated in this work a typical ferromagnetic hysteresis curve is By comparing the position of the major peakn the Kerr
found which is in apparent contradiction to Hall measure-spectra of the IfigdVing 1, As(9 nm)/AISb (Fig. 6) and of the
ments on these sampl®s. INg gdMNg 12AS(9  NM)/Ing sAl sAS(dgn)/AISb  samples (Fig.
10) with the position of the features in the corresponding
reflectivity spectrgFigs. 4 and B we see that peak lies at
a photon energy where the reflectiviygoes through a local
Correlation between reflectivity and Kerr spectra minimum before reaching its maximum at peakA similar

The very structured reflectivity spectra of the heterostrucCorrespondence is found in the heterostructures with a 19 nm

tures have a considerable influence on the spectral depeEE;(:[l;.DQAZ;?ﬁira Tgrfc’)rtrr; rr;?]lgsfgat;ﬁeg ;hﬁ) ga?%'sr??nc-m
dence of the Kerr rotation. In order to separate the effect gs. P gal inimu

due to the reflectivity—or, more precisely, due to the opticalmeaRkl(EF'?I]_i'eA'eigg ﬁc?r?:grfhzr{?\?r?)h:ss(gar:?n():%z;nsixlsrgummlst
functionsn and k—from intrinsic magneto-optically active P : P ' P

electronic transitions, one has to define a quantity which rep;gh;ﬂé Sggcvz)sr d(i)r?gya;Lorigdfepi[;?nlTh??(é?:lfc::tg\{ig[(li:g.

resents the intrinsic magneto-optic activity. Such a quantit T . L
- - ~ ; _"8(b)]. This is probably due to the light absorption in the
is the off-diagonal element,, of the complex optical con GaSh layer whose band gap is 0.81 eV.

tivity tensor ! :
ductivity tenso In order to understand this agreement between peak posi-
tion in the Kerr spectra and local minimum in reflectivity, we
, (2)  have to separate E¢) into real and imaginary part:

DISCUSSION

~ Oxx  Oxy
U:( o O

~Oxy Oxx

~ _ o = +
whereo;; = oy;; +ioy;. In Eq. (2) the magnetization of the Ok=F201ytF102y, ®

sample and the direction of the light beam are alongzhe
axis and the sample surface is in tRg plane. The off- Mk =F101y=Fa02xy, (6)
diagonal eIementEXy are to first order proportional to the
joint density of states],z of initial (a) and final(B) elec-
tronic state:® As a consequencé,, is proportional to the
product of density of states of initiéh,) and final(n,) state :4_77 A
times the joint spin density, : 1w A?+B?’

whereF; andF, are the magneto-optic scaling factors:

)
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TABLE Il. Parameters of the Lorentzian curves, structuresD andD’ in the reflectivity spectra. But although
Zlo=1+w5i/[(w§i—w?) +iwy], used to calculate the reflectiv- D andD’ are just minor features iR with a peak-to-valley
ity spectrum of Fig. 12. Curves 2 and 3 represent the major transigdifference of less than 5%, the S-shaped featuieequal in
tions while curves 1 and 4 serve to approximate the influence of thegnagnitude to the major peaksand g in 6, or even domi-
remaining part of the reflectivity spectrum. nates the Kerr spectrum as in the case of
Ing ggMing 1,AS/GaSh [Fig. 8b)]. This indicates that the

No. woi (€V) wpi (€V) % (V) S-shaped feature is due to an intrinsic magneto-optic struc-
1 1.0 3 3 ture in oy, and not to an optical-enhancement effect. This
2 15 2 0.25 finding is corroborated by the appearance of an S-shaped
3 2.15 3 0.25 feature in an inhomogeneous bulikn,Mn)As samplée’
4 33 8 2 Magneto-optically active electronic transitions
i involving the Mn 3 band are also found in the same
photon-energy range in ferromagnetic perovskite-type
47 B La, _,(Ba,Sh,MnO; thin films 18
P e ®

Thickness and interlayer dependence of ferromagnetic order

andA andB are polynomial functions ofi andk: Although the energy dependence of the Kerr spectra is

A=n3—3nk2—n, (9) influenced by the optical functions and k, the magnetic-
field dependence ofik is solely due to spin-polarized elec-
B=—k3+3n2k—k. (10)  tronic states which are contributing to the magnetic moment

and give rise to an off-diagonal conductivit&'rxy. A large

To demonstrate the influence of the magneto-optic scalingemanent value of is observed, which amounts in some
factorsF, andF, on the Kerr rotatiorg , we approximate a samplegFigs. 6 and 8)] to 100% of the saturation value
reflectivity spectra which is typical for the heterostructuresover the entire photon energy range. This indicates that elec-
by four Lorentzian curves using the parameters given irtronic transitions involving ferromagnetically ordered spins
Table Il. The calculated reflectivity spectRiis plotted in  are magneto-optically active over the complete photon-
Fig. 12 as a solid line. Let us assume that the off-diagona¢nergy range measured in this work.
elementsoy,, and o, are slowly varying functions with There are two different types of electronic transitions
photon energy and—for simplicity—that they are equal inwhich contribute tao,, : interband andntraband transitions
magnitude. Then the spectral dependencéjofs given by ~ which display a different photon-energy dependence. The
the difference or sum df,; andF, depending on the relative contribution too,, of intraband transitions, i.e., transitions
sign of oy, and o,,,. The result is shown in Fig. 12 as a within the conduction band fan-type and the valence band
dashed line F;+F,) and a dotted line K,—F;). Obvi-  for p-type charge carriers, can be calculated using a phenom-
ously, both combinations of the magneto-optical scaling facenological magneto-optic theoty:*°
tors show a sharp peak close to the minimumRofvhich

proves the general correlation between local minimum in the —intr wgscond Q
reflectivity spectrum and peak position # . If oy, and nya(w): 4r | Q%+ (y+iw)?
o,y are themselves varying with photon energy, the two
effects combine to yield a more complicated structurégn Po io(y+io)
The situation is different in the case of the S-shaped fea- + evy | = Q%+ (y+iw)?] ] (1)

ture v which appears in all Kerr spectra. It relates to the

whereawy, is the plasma frequencgg,,q is the spin polariza-
tion, andv is the Fermi velocity of the charge carrieRy is

a macroscopic dipole moment caused by the spin-orbit inter-
action, andy and () are the relaxation and skew-scattering
frequency, respectivelfy. By separating Eq(11) into real
and imaginary parts, the high-frequency limits @f,, and
T2« Can be derived:

&8 W
s 3

Reflectivity (%)
(93]
3

20 Ty @—%)%Clo 72, Tpy(w—0)xCrn T+ Czw 2,

10 12

P Y " . . with the constants; depending on the parameters defined in
0 1 2 3 Eqg. (11). Consequently, intraband contribution to the Kerr

('n 'e) s10108,] Surpeog ondo-ojousey

Photon Energy (eV) spectra will be negligible at higher photon energies. By
evaluating the parameters involved in E¢kl) and (12), a
FIG. 12. Calculated reflectivity spectrufsolid line) using four ~ typical threshold photon energy of 1 eV can be
Lorentzian functions as described in the text. The dashed and dotte@stimated>'®Hence, the Kerr spectra of tifn,Mn)As het-
lines are, respectively, the sum and difference of the two magnetd@rostructures are dominated Inyerband transitions because
optic scaling factord=; and F, which are defined in Eqg7) and  sSpin-polarized electronic transitions are magneto-optically
(8). active over the whole photon-energy range.
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The magnetization is due to localized, spin-polarized Mnspacer layer acting as a potential barrier will suppress the
3d electrons. The magnetic exchange is mediated by holegsenetration of the hole wave function into tlike,Mn)As
which are spread in both tH&n,Mn)As and AISb layers, and layer and therefore reduce the ferromagnetic exchange be-
of quasi-two-dimensional natufeThe hole states participat- tween the Mn ions. Nevertheless, the corresponding Kerr
ing in the magnetic exchange will become spin-polarizechysteresis loops, which are plotted in Fig. 11, clearly dem-
themselves. Therefore, magneto-optically active interbandnstrate ferromagnetic order even in a heterostructure with
transitions will involve in one way or another these elec-ds;=24 nm, where the Hall resistivity gives just a linear
tronic states. dependence on magnetic field. Because the Kerr rotation is

The Mn ions are surrounded by six As ions similar to theonly sensitive to théln,Mn)As layer, as has been justified
NiAs structure of bulk MnAS®2° Magneto-optically active above, it is concluded that theylgAl, As interlayer does not
transitions are hence transitions between the Mrefd the upset ferromagnetic ordering but suppresses perpendicular
As 4p band and vice versa. Such transitions are expected tmagnetic anisotropy. The disappearance of low-field hyster-
be very strong because they are dipole-allowed, highly spinetic behavior in the Hall resistance for thtg,;s=24 nm
polarized and their radial overlap integral is large due to asampl® may be explained in terms of parallel conduc-
high coordination number and small Mn-As distance. Fur-tion due to two hole channels in botin,Mn)As and AlSh
thermore, the transitions are rather broad because the widtayers, which sometimes occurs in modulation-doped
of the p andd band is usually more than 1 eV. (Ga,A)As/GaAs heterostructures with heavy doping. In

In conclusion, the Kerr-rotation spectra are due to elecsummary, we can conclude that the ferromagnetic exchange
tronic interband transitions confined to tfie,Mn)As layer.  between the Mn 8 local moments is carried by the hole
Magneto-optic spectroscopy therefore probes the magnetitates within th&ln,Mn)As layer.
behavior of exclusively the Mn @ local moments.

With the help of the observed results, we are able to dis- CONCLUSIONS
cuss the influence of DMS-layer and interlayer thickness on . .
the ferromagnetic exchange?/ By comparin{; the magneto- I.”'V (In,Mn)As-DMS heterostruc_tures sho_w interesting
optic hysteresis curves dfn,Mn)As/AlSb heterostructures optical, magneto-optic, and magnetic properties which war-
with DMS-layer thicknessl,,s=9 nm (Fig. 7) and 19 nm rant further investigation. The reflectivity spectra show a rich
[Fig. 9@)], we find that the coercive field, decreases by a structure which originates from the layered arrangement of

factor of 2 with increasingly,s. Furthermore, the squareness, f[he samples. The spectral dependence of the Kerr rotagion

ooy HSKatdecreases from 100 to 60 %. A heterostructure with'S strongly influenced by the reflectivity. From an analysis of

) . the field dependence it is concluded that the Kerr rotation
a 9 nm thick DMS layer grown on a GaSb lay&ig. 9(b)], . . o
however, displays a squareness of 100%, whileis re- probes only the magnetic behavior within tkiie,Mn)As

duced to half the value of the correspondiirg Mn)As/AISb layer.

. L . The dependence ofx on DMS-layer thickness and the
Eg:\?vrgs:u;té"rrse':r:%'iCz)l'a;rh;ia'gg;i;[ezrﬁsﬁr%g?/ Cg;rglast't?gin(_Ga,Al)Sb underlayer yields a correlation between lattice
induced crystal anisotropy caused by a lattice mismatch Or]nlsmatch and perpendicular magnetic anisotropy. From the

. variation of the Kerr hysteresis loops as a function of
0.6 and 1.3 % between the DMS layer and, respectively, th r . o i
GaSb and AlSb layet. ?In,AI)As interlayer thickness it is deduced that the ferro

Finally, we now discuss the influence on the ferromag-magnetlc exchange between the local Mih Bagnetic mo-

netic exchange of an yaAl, As-spacer layer between the ments is carried by hole states within tfle,Mn)As layer
Callil-aty
(InMmAs and AlSb layers. Introducing an JgAlg As and not, as proposed befdtdgy an exchange across the

. i In,Mn)As/AISb heterointerface involving two-dimensional
spacer layer leads to a pronounced decrease in coercivity a %Ie states in the AISb laver
hysteresis behavior in the Hall resistahaelicating a disap- yer.
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