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Carrier-density dependence of magnetic and magneto-optical properties dfGa,Mn)As
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We studied the magnetic properties and the magnetic circular dichid&DD) of (Ga,MnAs films with
two kinds of the hole-carrier density though keeping a constant value in the Mn concentration grown by the
molecular beam epitaxy method. To control the carrier densityGia,MnAs, we utilized Sn atoms, which
compensate the hole carriers intrinsically doped due to substitution &f ldioms for Ga. The magnitude and
the spectral shape of the MCD and the magnetic order have shown remarkable dependence on the hole-carrier
density. The observed MCD and normal absorption spectral changes depending on the hole-carrier density can
be explained by the model proposed by Szczyekal. which includes the effects of the disorder and the
change in the Fermi energy level.
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I. INTRODUCTION Quite recently, the growth of a (GaMny)As (x
=0.013) sample doped with Sn atoms, and its magnetotrans-

[lI-V- based diluted magnetic semiconduct@dMSs), port property, was reportéd.In this literature, it was con-
such as (Ga.,Mn,)As and (In_,Mn,)As, are attracting firmed that Sn atoms act as a hole compensators as a result of
attention for the ferromagnetic order of Mn atom3lt has  a systematic change in the Sn vapor presure under the same
been reported that the magnetic property, especially the Cigrowth condition. In addition, a change in the magnetotrans-
rie temperaturdl;, strongly depends on the Mn concentra- port property, accompanied by the carrier density controlled
tion in (Ga _,Mn,)As thin films. In the range af<0.05,T, by Sn doping, was also reported. In the present study, we
rises up to 110 K as the value mfincrease$® In addition, ~ report on the experimental results of magnetic properties and
by virtue of the coexistence of a ferromagnetic order withthe MCD in (Gg_,Mn,)As (x=0.02) thin films, which
rather highT, and the nature of the semiconductor, possiblehave the two kinds of hole-carrier densities, without chang-
applications, such as in magnetotransport and magnetdAg the value ofx obtained by the same method of Sn atom
optical devices, have also been discusséd. doping.

In Ill-V-based DMS materials, hole carriers are generated The study of optomagnetic properties in DMSs is consid-
by the doping of MA* magnetic ions, which act as acceptorsered to be of key importance for clarifying the electronic
in GaAs and InAs. Thus it is logical to consider that the structure, as discussed in 1l-VI compound-based DMSS,
exchange interaction between the localizéalectrons of as well as for designing device applications such as thin-film
Mn?" ions and the itinerant hole carrierp-fl exchange in- magneto-optical isolatorg. Results reported in Sec. Il indi-
teraction is the possible origin of the ferromagnetic order. cate that the magnitude and the spectral shape of the MCD
To confirm this model and to clarify the microscopic ex- show a remarkable dependence on the hole-carrier density,
change mechanisms, various experimental and theoreticgtrongly correlating with the magnetic order of Mn ions. We
studies have been conductet®**In (In,Mn)As grown at tentatively explain the MCD spectra by the theoretical model
low temperature, the disappearance of the ferromagnetic ofleveloped by Szczytket al,*® which includes the effects of
der inn-type samples was confirmédThe hole-carrier den- the change in the Fermi energy level and the disorder caused
sity dependence Gf in (Ga,MnAs was also reportetf.In by the Mn substitution, Sn doping, and low-temperature
addition, the temperature and magnetic-field dependence ofgfowth of thin films. These results seem to support the idea
magnetic circular dichroistMCD) in (Ga,MnAs was that the exchange interaction among localideglectrons on
reportedt’ Mn2* atoms and the itinerant hole in the valence band that

In previous studies, the control of the typelectrons or has an electronic structure similar to that of GaAs rule the
holeg and/or density of carriers was basically achieved as @agnetic and optomagnetic properties in {G#Mn,)As (X
result of the change in the degree of compensation of Mr=0.02).
acceptors by deep donors, such as As antisites induced by

excess As_incorporatiq’r?.The o_leve_:lopment of the n_1ethod Il. EXPERIMENTS AND SAMPLES
for controlling the carrier density, i.e., the hole-carrier den-
sity, independent of the Mn concentratianis considered In order to study the MCD spectra and the magnetic prop-

to be essential not only for elucidating the role of hole car-erties of (Ga_,Mn,)As, we grew 200-nm (GgAly)As
riers in magnetic properties in this class of materials buand (Ga_,Mn,)As layers with a thickness of 0.7 or 1,6m
also for obtaining basic information to achieve the deviceon a GaAs (001) substrate by the molecular-beam epitaxy
application. method, as shown in the inset of Fig. 1. To obtain
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1oF (GaMn)As'Snmm O'Hm) ' ] 'I_'he two peaks of the solid _Iine{32.28°) ar_1d thg dotted

Nseyrerym Gahs line (~32.21°) can be attributed to the diffraction from
B 08 ' - 8 (Ga,MnAs and(Ga,MnAs doped with Sn atoms. The con-
E Gahs centration of Mn can be estimated based on the diffraction
£ 06 (Ga.ADAs 1 angle of this peak. In the case of tt®a,MnAs;Sn sample,
2 gaf (©MwAsSn : . the effect of the lattice expansion due to Sn doping was
e J{GapmAs) estimated utilizing the data of the Sn vapor-pressure depen-
£ 02 ' t i dence of a GaAs lattice constant doped with Sn atths.

0 addition, the observed widths of two peaks assigned to

(Ga,MnAs and(Ga,MnAs;Sn are almost the same as that of
the GaAs(004) diffraction peak. This result suggests that the
structural disorder i1tGa,MnAs and(Ga,MnAs;Sn samples

FIG. 1. X-ray- diffraction patterns for No. (Ga,MnAs (solid induced by Mn and/or Sn doping is not so large as to seri-

line) and No. 2(Ga,MnAs;Sn (dotted ling. Inset shows the sche- OUsly broaden the x-ray-diffraction peaks.. o
matic structure of the thin film sample. For the MCD measurement, self-standing thin films were

prepared by subtracting the GaAs substrate using the etching
technique. AGa,AlAs layer of 200-nm thickness grown on
the GaAs substrate blocked the progress of the etching pro-
cess(see the inset of Fig.)1 The MCD spectra were mea-
sured on the basis of the difference in absorption for right
o . - 9 (o™) and left (¢7) circularly polarized light. The magnetic
(Ga,MnAs with different hole-carrier densities (9:10™, field was set parallel to the direction of the light propagation

8.8x10'°, and 2.2 10" cm 3®) were prepared by this : :
method. Without the doping of Sn atoms, we can alwayS(Faraday configuration The temperature dependence of the

obtain a ferromagnetic sample with a hole density betweertrinagnetizatior(denoted as thil-T curve and the magnetic-
8.8<10° and 1.210°cm ® under the same growth ield dependence of the magnetizatioM{H curve were

condition. Therefore the observed decrease in hole densitObserVed using a commercially available superconducting
in sample No. 2 can be attributed to the carrier compen-a/uamtum interference devicQUID) magnetometer, with

sation by Sn doping. Hereafter, the (GaMn,)As the magnetic field set normal to the sample surface.
(x=0.02) sample doped with Sn atoms is abbreviated as

1 1 1
321 322 323 324 325
0 (degree)

(Ga, _yMn,)As (x=0.02) sample$hereafter abbreviated as
(Ga,MnAs] with different carrier densities while keeping the
Mn concentratiorx at a constant value, we utilized the dop-
ing of Sn atoms, which act as a dodrThree types of

(Ga,MnAs;Sn. Samples utilized for the present study as IIl. RESULTS AND DISCUSSION

typical examples are listed in Table I. The hole-carrier den- o Experimental results of magnetic property and MCD
sities indicated in Table | were estimated by the Hall effect measurement

measurement at room temperature under a van der Pauw , _ .

configuration. The notation of low-temperat(l€)-GaAs in In Fig. 2, the magnetic properties of two sampl. 1

this table represents the GaAs thin films grown at low tem{Ga,MnAs and No. 2(Ga,MnAs;Sr| are plotted. Figure

perature (308 10°C) on a GaAs substrate, which is the 2(a) indicates theM—T curves in 'Fhe magnetic field of
same temperature utilized for the growth(&a,MnAs and 0.2 T. Based on this plot, the Curie temperature of No. 1
(Ga,MnAs;Sn layers. (Ga,MnAs (square plotswas estimated to be 60 K. On the
We used the data of x-ray-diffraction measurements t@ther hand, for No. 2Ga,Mn/As;Sn, the ferromagnetic order
estimate the Mn concentration of thin films, and to checka@s not observed, and the sample showed paramagnetic be-
whether MriSn) atoms are uniformly doped as a mixed crys- havior, even if the sample was cooled down to S[see
tal (Ga,MnAs(;Sn). Figure 1 shows typical x-ray-diffraction triangular plots in Fig. @)]. In addition, the observeM—H
patterns of the samples No(Ga,MnAs (solid ling) and No. ~ Curve of sample No. 1squarep showed a hysteresis loop
2 (Ga,MnAs;Sn (dotted ling. A large peak located around with a coercive field of 0.01 Tsee the inset of Fig.(B)],
32.38° in Fig. 1 can be assigned to tf@4) peak of the and the magnetization was saturatect@.15 T. In contrast,
GaAs substrate, and the left-hand-side small ieakid ling ~ that for sample No. 2 did not show a hysteresis loop. The
and shoulder(dotted liné of this peak are due to the magnetic properties of sample No. 1 and No. 2 are quite

(GaygAly)As [hereafter denoted as th&a,A)As] layer. different even though the Mn concentrations of both samples
R ’ are about the same val(2.1% and 2.0%, respectivelyThis

result strongly supports the previously discussed idea that
hole carriers are a key factor in the ferromagnetic interaction
between Mn spins.

TABLE |. Sample list.

Mn Hole carrier Layer As a first sten i . tigation into th lation bet
Composition concentration density thickness S a first step In an investigation Into the relation between
the MCD spectrum and the magnetic property, we measured
No.1 (Ga,MnAs 2.1% 8.8<10%cm™ 3 1.0um the temperature and magnetic-field dependences of the MCD
No. 2 (Ga,MnAs;Sn 2.0 % 2.X10%cm™® 1.0um signal observed at 1.73 eV. Figure 3 shows the results for
No.3  LT-GaAs - - 1.0um sample No. 4Ga,MnAs, which has similar physical prop-
No. 4 (Ga,MnAs 1.7% 9.%10%cm 3 0.7 um erties to sample No. 1. The obtained results indicate a paral-

lel relation between the magnetization and the MCD signal at
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Magnetization (emu/cm?3)

Magnetization (emu/cm?3)

FIG. 2. Magnetic properties of No. (Ga,MnAs (square plots
and No. 2(Ga,MnAs;Sn (triangular plot$. (&) M-T curve at a
magnetic field of 0.2 T; the inset shows the expansion ofMh&
curve of No. 2.(b) M-H curve at a temperature of 5.0 K; inset
shows the expansion of tHd-H curve of No. 1(Ga,MnAs.

FIG. 3. (&) Magnetic-field dependence of the MCR.73 eV}
(open squargsand magnetizatioiopen triangulansof sample No.
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FIG. 4. MCD (solid lineg and absorptioridotted line$ spectra
of (a) No. 3 LT-GaAs, (b) No. 2 (Ga,MnAs;Sn, and(c) No. 1
(Ga,MnAs at 5.0 K and magnetic field at 1.0 and 0 T for the MCD
and the absorption spectra, respectively.

1.73 eV for this sample. Therefore, we can safely conclude
that the observed MCD signal has a close correlation with
the ordering of Mn spins. In addition, a similar parallel be-
havior was confirmed for sample No. 2.

The MCD spectra of three samples, Nos. 3, 2, and 1,
observed 85 K in the magnetic field of 1.0 T are plotted in
Figs. 4a), 4(b), and 4c), respectively(solid lineg, with ab-
sorption spectradotted line$. These MCD spectra are indi-
cated in units of the Faraday rotation angle for a probe light
path length of 1um. The periodically oscillating structure
observed in a photon energy region lower than 1.7 eV of
absorption and MCD spectra can be attributed to the inter-
ference effect of the reflected monitor light in the thin film
samples. The MCD spectrum of sample No. 3 LT-Gsee
Fig. 4(@)] showed a maximum around 1.45 eV, and decreased
its magnitude to zero around 1.52 ¢vereafter referred to as
the zero crossing point energi, ... The observed MCD
spectrum for this sample corresponds to the previously re-
ported one, whose origin was attributed to the Zeeman split-
ting of the electronic states located around the band edge of
GaAs®®

The spectral shapes of the MCD of samples No. 2 and No.
3 have common characteristics in spite of the discrepancy in
the magnitudésee Figs. @) and 4b)]. The MCD spectrum
of sample No. ZFig. 4(b)] also shows, ., at 1.62 eV, and

4 (Ga,MnAs at a temperature of 5.0 Kb) Temperature depen- [Fig. 4@)], except for a discrepancy in tfi, value(about
dence of the MCD(1.73 eV} (open squarésand the magnetization 100 meV higher than that for No.).3In contrast, the MCD

(open triangulansof the sample at a magnetic field of 0.2 T.

spectrum of sample No. ((Ga,MnAs with high hole den-
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sity) is quite different from those of No. 2 and No. 3 in both
the spectral shape and magnitude. It is worthy of note that
the MCD spectrum of No. 1 has a negative sign and a very
broad structure that does not show the zero crossing point
within the energy range of the present measurerfie@t-2.1

eV). These results clearly indicate that both the magnitude of
the MCD and its spectral shape remarkably change according
to the hole-carrier density and show the close correlation
with magnetic property.

Absorption (arb.units)

N
~

B. Comparison with theoretically calculated MCD spectra

As is well known, the magneto-optical properties in 1I-VI-
based DMSs can be well explained by the Zeeman splitting
effect of the band-edge state based on the exchange interac-
tion between localized electrons of MA™ ions and itinerant
band electrons g p-d exchange interactiond®2%2¢ |t is N
important to determine whether a similar mechanism can ex- 02F2 7 A
plain the MCD spectra in lll-V-based DMSs. This subject 12 14 16 18 20
has a close relation with the fundamental mechanism of mag- Photon energy (eV)
netic exchange interaction in this class of DMSs. As for the 5 5. Hole-carrier density dependence of the obsesqdare
MCD spectrum of (Ga ,Mn,)As, extensive studies have ang triangular plotsand calculatedsolid and dotted linésMCD
been conducted on it and magnetic-field dependences 0 and absorption spectra fag) No. 1 (Ga,MnAs and (b) No. 2
clarify the electronic origirt”*In the following part of this (Ga,MnAs;Sn. As for absorption spectra, the results of theoretical
paper, we show that the obtained hole-carrier density depefalculation for zero magnetic field are indicated.
dence of the MCD spectral shape can be explained by the

method proposed by Szczytia al** _ magnetic field, the values observed for corresponding
In (Ga, MnAs thin films, the effects of disorder caused samples Nos. 1 and 2.5 and 0.1%by a SQUID magneto-

by doping of Mn and/or Sn impurities and the defects due tGneter were utilized. The Mn concentration for both cases

the low-temperature growth of ti&a,MnAs layer logically  \as commonly set to 2.0% based on the estimate of the

become very large. In addition, it should be noted that th§attice constant by x-ray-diffraction method for our samples

change in the Fermi energy level will also be very Iarge(See Table )l Following the method of Szczytket al, we

because the concentration of the doped Mn acceptors reachgss,med that the values of exchange constants for the con-

the order of 1&° cm™2.?’ Quite recently, Szczytket al.de-  §yction (6-d) (Noa) and valence [§-d) (NoB) bands were

veloped a method for the calculation of the MCD spectra forg 5 gnd -1.0 eV, respectively. The band-gap endEgywas

(Ga _yMny)As based on the optical transition between the, roperly adjusted to 1.43 e{1.32 e\j for the case shown in

band-edge states of pure GaAs modified by the disorder e ig. 5(a) [and Fig. %b)] to reproduce the experimentally ob-

fect and the change in the Fermi energy Ie¥eThe solid  served MCD spectra of sample No.(o. 2). The utilized

and dashed lines in Fig. 5 show the hole-densiy) [depen-  ya1ye ofEq4 was considerably small compared to that of pure

dence of the calculated MCD and the normal absorptionsgas. The observed expansion of the lattice constseé

spectra based on this method. The calculated spectra for trpgg_ 1) and the expected gap energy shrinkage due to the

hole densities of,=1> 10" and 1x10'® cm * are plotted  many-body effect inGa,MnAs seem to be consistent with

in Figs. 9a) and 3b), respectively, as typical examples, and {he rather low estimatel,. Other band parametefsuch as

they seem to reproduce well the observed M@pen ine effective magswere set to the same values as those of
squares and absorptioriopen trianglesspectra of samples e Gaa3

No. 1[(Ga,MnAs] [see Fig. )] and No. 2(Ga,MnAs:Sn|
[see Fig. B)]. Nn anomaly of around 1.8 eV in the calcu-
lated spectrum in Fig. (8) is attributed to Zeeman split of

o
o

MCD(deg/um)
[wn}

Absorption (arb.units)

TABLE Il. Parameter list utilized for fitting shown in Fig. 6.

the spin-orbit band. Of course, the calpulated spectral shap_e No. 1(Ga,MnAs  No. 2(Ga,MnAs:Sn
strongly depends on the various physical parameters, and it
should thus be noted that proper values for them correspond, 1x10Y cm3 1x10® cm3
ing to samples No. 1 and No. @ee Table N have to be E, 1.43 eV 1.32 eV
utilized for calculation. We consider the used parameter val:a’ 65 A 15 A
ues for the present calculation are reasonable ones as dis) 25 0.14
cussed in the following part. Mn concentration 2.0 % 2.0 %

As for the thermodynamic average of the spin va|8gat Noa 0.2 0.2
1 T, which is necessary for the estimation of the effectivey g 1.0 1.0

values of the band galﬁé and the Fermi energlf’ under a
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ures &a) and &b) show the calculated MCD spectra for vari-

0 ousa values withn,=1x 10" andn,=1x 10" cm™3, re-
—_ spectively. Based on these figures, the utilizachlues seem
§-2 to be proper ones for the consistent fitting of the experimen-
3:9_4 tal results of MCD and normal absorption spectra shown in
) Figs. 5a) and 3b).
8 6 Theavalue estimated for sample No. 2 was much smaller
s than that for sample No. 1. We now tentatively assigned the

origin of the observed decrease in thealue to the disorder
induced by additional Sn doping. Of course, it is a problem
that the compensated hole density is not so large (
X 10* cm™3) though a large amount of Sn atoms seem to be
doped in the sample, as reflected in the apparent decrease of
the a value. This result may suggest that only a part of Sn
..... atoms are active as electron donors for hole compensation.
- The nature of Sn atoms doped in GaAs is not clear at the
present stage, especially under the condition of high density
doping. Therefore, a detailed analysis of the behavior of
doped Sn atoms ifGa,MnAs is left as a future problem.
Based on these considerations, we conclude that the ob-
served results of MCD and normal absorption measurement
ol e 20 can be explained by the theoretical model of Szczykal.
1"2 1"4 1'.6 1i8 210 In other words, the MCD and normal absorption spectra and
their dependences on the hole-carrier density observed for
(Ga,MnAs and(Ga,MnAs:Sn samples can be basically ex-

FIG. 6. Calculated MCD spectra for varioasalues.(a) shows plained by the spin-splitting effect in the valence band, tak-

the MCD spectra oh,=1x 10" cm 3. (b) shows the spectra cor- ing into account the change in the Fermi energy level and the
responding tmpzlxplom em2. disorder effect. Based on our caluclation, the spin-splitting

value and the Fermi energy level from the top of the valence

] ) N band on sample No. 1 have been estimated to be 50 and 54
The carrier densityn, values utilized for the MCD mey, respectively.

calculation[ 1 x 10*° cm3 for Fig. 5@ and 1x 10" cm™3
for Fig. 5b)] were much smaller than those estimated IV. SUMMARY
at room temperaturésee Table )l It has been previously

reported than, shows a strong dependence on the sample We found that the magnetic property and the spectral
temperaturé® As for our samples, i.e., ferromagnetic shape of the MCD show remarkable differences between

(Ga,MPAs thin films doped with Sn atoms, the estimation of (Ga,MnAs samples with two different hole-carrier densities,

n, value based on the residual magnetization-temperatur@0th of which have the same Mn concentration. We also
characteristics demonstrated that theat room temperature ound that the observed MCD and normal absorption spectra
was about ten times larger than that at 66°#&ased on this ©f (G&,MnAs, and their dependence on the hole density, can
previous work, then, values utilized here for the calculation be consistently explained by the model proposed by
are considered to be reasonable ones. Of course, due to tﬁéczytkoet al. ut|I!2|ng r'easonable values for various phyS|-

large anomalous Hall effect itGa,MnAs, a measurement cal parameters, including the effects of the change in the

under a very high magnetic field over 20 T is necessary for & €'Mi energy level and the disorder. In other words, the ob-
more correct and direct estimation of thg value at low served results support the idea that the origin of the MCD in
temperature by the normal Hall effét. (Ga,MnAs is the spin-splitting effect in the electronic band

The calculated results of normal absorption and the MCDPUCture, which is analogous to that of GaAs.
shown in Figs. &) and 5b) (dotted and solid lingswere
obtained by setting=65, and 15 A, respectively. The value
‘a’ stands for the degree of the expanse of the electric wave This work was partially supported by NEDO and a Grant-
function. It corresponds to the ! value in Ref. 23, and can in-aid for Scientific Research from Ministry of Education,
be regarded as the indicator of the degree of the disdeder Culture, Sports, Science and Technology. We thank Y. Satoh
the disorder becomes larger, the valueaadecreases Fig-  for his help in the MBE sample growth.
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