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Th erm oelectr ic p ow er w as studied in the temp erature ran ge 1 00 ç

T ç 300 K in 0.3À 1 ñ m thic k ferromagnetic Ga 1 À x Mn x A s epita xial layers
( 0: 01 5 ç x ç 0 :0 6) in order to determine Fermi energy E F and carrier con-

centration p . For 0 :015 ç x ç 0: 05 , at T = 273 K w e Ùnd E F = 275 Ï 50 meV
and p = (2 : 5 Ï 0 :5) È 10

2 0 cm À 3 (approximately Mn content indep endent ). For
x = 0: 06 , the Fermi energy decreases by about 100 meV with the corresp ond-

ing reduction of hole concentration to p = 1 :2 È 10
20 cm À 3 . A t T = 120 K ,

these parameters vary betw een E F = 380 meV and p = 3: 5 È 10
20 cm À 3 for

x = 0: 015 to E F = 110 meV and p = 5 È 10 1 9 cm À 3 for x = 0 :06 .

PAC S numb ers: 75.20.C k, 75.30.Et, 73.50. {h

1. I n t rod uct io n

Ferrom agneti sm in Ga x Mn x As is closely related to the electronic prop-
erti es of thi s m ateri al . Parti cul arl y importa nt is the presence of very hi gh (

cm ) concentra ti on of quasi-free or weakl y bound holes [1{ 4]. In con-
tra st to I I{ VI and IV{ VI semim agneti c (di luted magneti c) semiconducto rs wi th
Mn ions, in GaMnAs and in InMnAs, Mn form s an electri cal ly acti ve acceptor
center pro vi di ng both the local m agneti c m oments and the requi red high concen-
tra ti on of carri ers [5]. It is a lso wel l kno wn tha t to obta in GaMnAs lay ers wi th
Mn content of few ato m ic percents the, so-called, low- tem perature m olecular beam
epi ta xy (L T- M BE) has to be employed resul ti ng in a creati on of a very hi gh (of
the order of cm ) concentra ti on of nati ve defects. These two factors m ake
GaMnAs a materi al disordered wi th respect to both m agneti c and electroni c sub-
system . Al tho ugh the determ inati on of such basic electronic param eters
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of GaMnAs as carri er concentra ti on p or Fermi energy E F i s of pri m ary im por-
ta nce for the contro l of m agneti c pro perti es of thi s m ateri al, i t is also a chal lenging
exp erimenta l ta sk. In parti cul ar, the use of standard Ha ll ẽ ect m easurements is
seriously com pl icated due to the large contri buti on of anom alous Hal l e˜ect and a
large m agneto resistance. R ecently, to Ùrmly establ ish the concentra ti on of carri ers
in GaMnAs, the Ha l l e˜ect m easurem ents were perform ed at the extrem e condi -
ti ons of very low tem peratures (down to 50 m K) and very hi gh magneti c Ùelds (up
to 27 T) [6].

In thi s work, we examine the electroni c properti es of the epi ta xi al layers
of GaMnAs using standard therm oelectri c power ˜ m easurements, whi ch pro ved
to be a very e£ cient techni que in the studi es of strongly di sordered condensed
m ateri als, l ike heavi ly doped or compensated semiconducto rs, and amorpho us or
l iqui d materi als [7]. Our goal is, in parti cul ar, to veri fy whether the electro nic
parameters of GaMnAs such as the Ferm i energy and the carri er concentra ti on
can be e£ cientl y determ ined from the analysis of the therm oelectri c power. In
thi s work, we l im it oursel ves to the tem perature range T Ñ 1 0 0 K, i .e., to the
paramagneti c pha se of GaMnAs.

2. Ex p er i m ent al r esu l t s an d di scu ssion

W e studi ed thi ck (0.3{ 1 ñ m) layers of Ga1 À x Mn x As (0 )
grown by low- temperature MBE on GaAs (100) semi- insulati ng substra tes wi th
0.1{ m thi ck GaAs bu˜er layer grown by MBE at standard (hi gh-tem perature)
condi ti ons [8]. The thi n layer between the GaMnAs and the bu˜er layer is the 4 nm
thi ck LT- MBE GaAs layer (see Fi g. 1). In both therm oelectri c and m agneti c mea-
surements we used the layers of the typi cal area of m m . For m agneti c
characteri zati on of our layers, we carri ed out the measurements of the tempera-
ture dependence ( K) of the ac magneti c susceptibi l i ty appl yi ng
the ac m agneti c Ùelds of 5 Oe at a frequency of 625 Hz. Al l the layers studi ed
by us underg o ferromagneti c tra nsiti on as evi denced by a strong sharp increase in
the m agneti c susceptibi li ty . The ferromagneti c Curi e temperature is identi Ùed
as the temperature corresp ondi ng to the m axi mum at the dependence. For
som e layers, the ini ti al sharp increase in m agneti c susceptibi l i ty ta kes pl ace at
tem perature considerabl y hi gher tha n . In our plot of the Mn compositi on
dependence of presented in Fi g. 2, we show both and . The di ˜erence
between these param eters might ori ginate from the non-perf ect homogeneity of the
sam ples either in the distri buti on of magneti c ions or in hole concentra ti on. For
compari son, in Fi g. 2 we also present the experi menta l data obta ined from m ag-
neti zati on m easurements perform ed for other sam ples grown wi th the same MBE
faci l ity in Lund [9]. The sol id l ine indi cates the record- high values as observed by
Sendai group [1]. The di ˜erences are l ikel y to stem from the vari ati ons of the con-
ducti ng hole concentra ti on | a parameter stro ngly dependent on the technological
facto rs such as, e.g., the concentra ti on of compensati ng donor centers.
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Fig. 1. T he scheme of GaMnA s{GaA s heterostructures studied in this w ork. T he thin

layer ( 4 nm) betw een GaMnA s layer and GaA s bu ˜er is the GaA s layer grow n at

low -temp erature M BE condition s.

Fig. 2. T he comp ositio n dependence of the ferromagnetic C urie temp erature of

Ga 1 À x Mn x A s. T he solid line show s the dep endence observed by O hno for layers w ith

the highest Curie temp eratures. T riangles | the data obtained from magneti zatio n

measurements for layers grow n by Sadow ski.

The m easurements of the therm oelectri c power of Ga1 À x Mn x As (0 : 0 1 5 ç

) layers were perform ed in the temperature range 300 K. The
resistance of GaMnAs layer wi th 1at.% of Mn was to o high for our exp erimenta l
setup. The tem perature di ˜erence (typi cal ly of 0.5 K) was m oni tored wi th Ùne
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copper{ constanta n therm ocoupl es atta ched to the layer from the to p using silver
conducti ng paste. The sam e paste was used to atta ch separate copper leads for
therm oelectri c vol ta ge m easurem ents. For each layer we perform ed the m easure-
m ents at least twi ce wi th a change of the sign of the tem perature gradient along
the layer. The tem perature dependence of therm oelectri c power of GaMnAs is
presented in Fi g. 3.

Fig. 3. T he temp erature dep endence of the thermo electric power in Ga1 À x Mn x A s epi-

layers.

For quanti ta ti ve analysis of our therm oelectri c power m easurements, we
have to analyze the ro le of GaAs bu˜er lay er whi ch, apart f rom the GaMnAs
layer, is the second conducti ng layer in the hetero structu re. The GaAs bu˜er
wa s grown at standard (hi gh- tem perature) MBE condi ti ons and no intenti onal
doping was attem pted. Thi s lay er is usual ly p -typ e wi th carri er concentra ti on
p ¤ 1 0 1 3

À 1 0 1 4 cm À . The therm oelectri c parameters of a com posite layered struc-
ture are calcul ated, e.g., in Ref. [10]. The experim enta l ly measured \ e˜ecti ve"
therm oelectri c power of the two- conducti ng- layer system , , is given by the
expression

d d
d d

Here , , and ref er to the therm oelectri c power, conducti vi ty , and
thi ckness of GaMnAs lay er (L) and bu˜er layer (B), respectivel y.

Since for our structures typi cal ly d d 10 , in practi ce one has
. The low- temperature MBE GaAs layer present on to p of the bu˜er

layer is more tha n 100 ti mes thi nner tha n the other layers. Theref ore, in our
analysis we neglected the possible contri buti on of thi s layer.
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In the tem perature range studi ed, the therm oelectri c power in al l GaMnAs
layers inv estigated by us shows p -typ e conducti vi ty . At lower temperatures, the
tem perature dependence of the therm oelectri c power is pra cti cal ly l inear wi th the
tendency to decrease the slope whi le appro achi ng the room tem perature. Thi s
behavi or is quali ta ti vely sim i lar to the tem perature dependence of therm oelectri c
power observed in other stro ngly p - typ e doped semiconducto r al loys l ike, e.g.,
Si 1 À x Gex :B wi th hole concentra ti ons up to p = 1 0 2 1 cm À 3 [11]. One can consider
thi s observati on as an experim enta l evidence of the exi stence in GaMnAs of a
degenerate conducti ng hole gas. We observe only minor di ˜erences between the
therm oelectri c param eters of GaMnAs epi layers wi th di ˜erent Mn content, whi ch is
in contra st wi th the well -kno wn m etal l ic character of conducti vi ty in GaMnAs wi th
0 : 0 3 and its semiconducti ng character for both and .
It suggests tha t the acti vati on energies for conducti vi ty and for conducti ng hole
concentra ti on are di ˜erent. The last one is kno wn to determ ine the tem perature
dependence of therm oelectri c power in disordered m ateri als [7]. The soluti on of
thi s issue requi res an extensi on of therm oelectri c measurements down to l iqui d
hel ium tem peratures and wi l l be presented in a separate paper. Our prel im inary
data indi cate tha t the quasi- linear temperature dependence is observed down to
about 50 K. Below thi s tem perature, an up- turn of dependence is observed
| the e˜ect wel l kno wn in disordered electroni c systems [7].

T o quanti ta ti vely analyze our exp erimenta l data , we appl y standard expres-
sions for therm oelectri c power in doped semiconducto rs (f or arbi tra ry degree of
degeneracy) wi th a parabol ic energy dispersion relati on. To calculate the Fermi
energy one has to specify the scatteri ng parameter . However, the ro le of di f-
ferent scatteri ng mechani sms in GaMnAs is not wel l establ ished. The tempera-
ture dependence of resistivi ty near to the Curi e tem perature is wel l described by
the spi n-dependent scatteri ng on the Ûuctua ti ons of magneti c subsystem of Mn
ions [1, 2]. However, the carri er m obi li ties encountered in GaMnAs are extrem ely
low 10 cm / (V s), whi ch is related to the very hi gh concentra ti on of de-
fects inherent to GaMnAs due to the presence of electri cal ly acti ve Mn ions and
the low- temperature mode of growth intro duci ng a high concentra ti on of com pen-
sati ng donor centers [12, 13]. If vari ous scatteri ng mechanisms contri bute to charge
tra nsport in a semiconducto r, the e˜ecti ve scatteri ng parameter whi ch enters the
expression for therm oelectri c power is pri m ari ly determ ined by the mechanism
yi elding the smal lest m obi li t y. Theref ore, in our analysis we adopt a sim ple m odel
assuming tha t the dom inant scatteri ng m echanism is due to the scatteri ng on
ioni zed impuri ti es. The Ferm i energies obta ined wi thi n the above described ap-
pro ach are presented in Fi g. 4a. As exp ected for a degenerate conducti ng hole
system , we Ùnd the Ferm i level located rather deep below the to p of the valence
band. T o calcul ate the conducti ng hole concentra ti on, addi ti onal ly, the e˜ecti ve
m ass of density of sta tes is requi red whi ch we ta ke equal to

d
[1]. The

carri er concentra ti ons obta ined from our therm oelectri c power measurements are
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Fig. 4. T he Fermi energy E F (a) and the concentration of conducting holes p (b) in

Ga 1 À x Mn x A s as determined from thermo electric power measurements. T he inset in part

(b) presents the dependence of the resistivi ty (at ro om temp erature) of GaMnA s layers

on Mn content.

presented in Fi g. 4b. One has to note tha t in our analysis of therm oelectri c power
of GaMnAs, the valence band is characteri zed by a sing le isotro pic param eter m Ê

d

| the e˜ecti ve m ass of density of states. W e neglected peculiari ti es related to :
(1) the exp ected non-parabol icity and anisotro py of the valence band, and (2) the
stress-induce d rem oval of the degeneracy of the light- and heavy- hole bands, as
di scussed in deta i l by Dietl et al . in Ref. [4 ].
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The Ferm i energy and the hole concentra ti on determ ined from our therm o-
electri c power m easurem ents agree rather well wi th other experim enta l data and
the establ ished physi cal picture of GaMnAs. Tha t somehow supports our choice
of param eters and m etho d of analysis. Ho wever, one has to underl ine tha t our
quanti ta ti ve concl usions are also based on the assumpti on tha t the standard ex-
pressions for therm oelectri c power in doped semiconducto rs are val id f or GaMnAs.
At thi s stage of the analysis, we neglected the possible di sorder- induced changes
in the charge tra nsport m echanisms or valence band structure as the current un-
dersta ndi ng of these e˜ects in GaMnAs is rather lim ited.

3. Co n cl usion s

Our therm oelectri c m easurements of GaMnAs epita xi a l layers show tha t in
the temperature range 1 0 0 ç T ç 3 0 0 K the therm oelectri c power increa seswi th
increasing tem perature in a quasi-l inear way observed also in other strongly p - typ e
doped semiconducto rs. The quanti ta ti ve analysis was perform ed assuming the ef-
fecti ve m ass of density of states equal to m Ê

d
= 0 : 5 , the dominance of ioni zed

im puri ty scatteri ng, and the appl icabi l i ty of standard theo ry of therm oelectri c ef-
fects in doped semiconducto rs to GaMnAs. At K, for ,
we f ound tha t the Ferm i level is located about 275 m eV below the to p of the
valence band, whi ch corresponds to the hole concentra ti on cm .
For we observe the decrease in the Fermi energy by about 100 m eV
wi th the corresp ondi ng two fold reducti on of hole concentra ti on. At K
the physi cal picture is qual i ta ti vely sim i lar. The parameters obta ined appl yi ng the
sim ple therm oelectri c m etho d com pare wel l wi th the hole concentra ti on and the
Ferm i energy values calculated theo reti cal ly or determ ined in other exp erim ents.
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