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W e present t he results of low te mp erature anneal in g stu dies of
Ga 1 À x Mn x A s epila yers grow n by low temp erature mole cula r beam epita xy
in a wide range of Mn concentrations ( 0 0 1 0 0 84 ). T ransp ort mea -

surements in low and high magnetic Ùelds as w ell as SQ U ID measurements
w ere perf ormed on a wide range of samples , serving to establish optimal
condition s of annealin g. Optimal anneali ng pro cedure succeeded in the Curie
temp eratures higher than 110 K . The highest value of the C urie temp erature

estimated from the maximum in the temp erature dep endence of zero- Ùeld
resistivi ty ( £ ) was 127 K . I t is generally observed that annealin g leads to
large changes in the magnetic and transp ort prop erties of GaMnA s in the

very narrow range of annealin g temp erature close to the grow th temp erature.

PACS numb ers: 75.50.Pp, 75.50.Dd, 81.40.Rs

1. I n t rod uct io n

Ferrom agneti c semiconducto rs have recentl y received m uch interest, since
they hold out pro spects for using electron spins in electroni c devi ces for the pro-
cessing, tra nsferri ng, and stori ng inf orm atio n [1, 2]. Parti cul arl y Ga x Mn x As
has becom e the focus of current interest because of i ts high Curi e tem perature
( 110 K) and possible spin-electro nics appl icati ons [2{ 4]. It is wi dely accepted
tha t ferromagneti c behavi or of GaMnAs is connected wi th i ts -typ e nature [4{ 6].
The Mn ions incorporated into the I I I{ V semiconducto r m atri x play the dual
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ro le of acceptor sites and m agneti c ions. The ferrom agneti c orderi ng of the Mn
m agneti c m oments is m ediated by f ree holes.

Mo re recentl y, i t was reported tha t heat trea tm ent (anneal ing) of the grown
by low-tem perature molecular beam epi ta xy (M BE) GaMnAs im pro ves the Curi e
tem perature, m agneti zati on M ( T ) and T C of the annealed sam ples depending on
both the annealing tem perature and the dura ti on of the anneal ing pro cess [7, 8].

W e present the results of m agneti c measurements and m agneto tra nsport in-
vesti gati ons perform ed in the range of low and high magneti c Ùelds of
as-grown and annealed Ga1 À x Mn x As sampl es. W e have grown and system ati -
cal ly studi ed the Ga1 À x Mn x As sampl es over a wi de range of Mn concentra ti on:
0 : 0 1 .

The layers of Ga x Mn x As were grown using low tem perature (LT) MBE.
Semi-insul ati ng epi ready (100) GaAs wafers were used as substra tes. Typi cal ly, a
bu˜er of GaAs wa s Ùrst grown at high tem perature C). The substra te was
then cooled to tem peratures in the range 250 275 C, and a layer of LT GaAs
wa s grown to a thi ckness in the range between 2{ 100 nm . Fi nal ly, Ga x Mn x As
layer in the sam e range of substra te tem peratures to a thi ckness of 105{ 302 nm
wa s grown. The growth was m oni to red in sit u by reÛection high energy electron
di ˜ra cti on (RHEED ). The latti ce constant of GaMnAs sam ples was measured
by X- ray di ˜ra cti on (XR D ). The Mn concentra ti on X was determ ined using two
di ˜erent m etho ds. Fi rst, the Mn content wa s obta ined f rom XR D m easurem ents
by assuming tha t the GaMnAs layer is f ul ly stra ined by the GaAs substra te. And
second, duri ng the growth the values were estimated from the change in the
growth rate moni to red by R HEED oscil lati ons. The resul ts determ ined f rom these
two m etho ds were in good agreem ent.

Next, the as-grown wafers were cut into a numb er of specimens for system ati c
anneal ing exp eriments. The sam ples were annealed at low tem peratures in the
range between C and C. The opti mal ti me of anneal ing was between 1 h
and 1.5 h, in agreement wi th the results of Pota shni k et a l. [8]. Al l the sampl es
were annealed under the same Ùxed Ûow of N gas of 1.5 SCFH (sta ndard cubi c
feet per hour). Al l post-growth and post-anneal ing pro cedures were carri ed out
in the sam e m anner. Af ter anneal ing, the sam ples were cooled down by a rapid
quench under the Ûow of ni tro gen gas. For al l the sampl es the electri cal conta cts
for the tra nsport measurements were also prepared always in the same way. W e
used Hal l bar sampl es wi th typi cal di mensions of 2 m m 6 mm . The electri cal
conta cts were m ade using indi um solder and gold wi res. The opti m al anneal ing
tem perature turned out to be near the growth tem perature (i .e., around C) in
the case of al l Ga x Mn x As sam ples wi th Mn concentra ti on exceeding .

The annealed sampl es were characteri zed by m eans of resisti vi ty m easure-
m ents at zero m agneti c Ùeld in the tem perature range between 10 K and room
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tem perature usi ng a hel ium Ûow cryo stat. The tem perature dependence of the
zero-Ùeld resisti vi ty shows a hum p structure (see Fi g. 1). Such feature is kno wn to
app ear at the tem perature slightly above the value of T C obta ined from m agneti c
m easurements. The m agneti zati on m easurements M (T ) revealed good agreement
between tra nsp ort and magneti c resul ts. The magneti zati on was m easured by a
SQUID m agneto meter in smal l m agneti c Ùelds (i .e., 10 Gs) after the sam ple has
been magneti zed at hi gher magneti c Ùeld (1000 Gs) para l lel to the sampl e sur-
face. For the epi layer annealed at the opti m al tem perature of 2 8 9 £ C, the value
correspondi ng to the zero-Ùeld resistivi ty hum p is equal to 127 K, and the SQUID
m easurements on the sam e sam ple yi elded T C = 119 K.

Fig. 1. Temp erature dep endence of the zero-Ùeld resistivity of GaMnA s/GaA s samples

w ith high Mn concentration ( ) annealed at various temp eratures.

Fi gure 2 presents the Curi e tem perature estim ated f rom the m aximum in
the tem perature dependence of the zero-Ùeld resistivi ty ( ) as a functi on of the
anneal ing temperature. W e observe large changes in the Curi e tem perature in
a very narrow range of anneal ing tem peratures. The great enhancement of the
Curi e tem perature in sampl es wi th a high Mn content, , is clearly vi si-
bl e. For the sampl e wi th shifts from 88 K for the as-grown sampl e
to the 127 K after anneal ing at the opti m al tem perature of C and drops
to K after heat trea tm ent at C. Fi gure 1 shows typi cal tempera-
ture dependences of the zero-Ùeld resistivi ty f or the Ga Mn As epilayer wi th

for vari ous anneal ing procedures. The resisti vi ty of the as-grown sampl e
and f or sam ples annealed at relati vel y low tem peratures C, C, C,
and C) show typi cal metal l ic behavi or. For sam ples annealed at C, an
insul ati ng behavi or of the resisti vi ty is observed.

The increase in the Curi e tem perature is always accom panied by the en-
hancement of the conducti vi ty . W e observe also an increase in the satura ti on m ag-



662 I. Kur yl iszyn et al .

Fig. 2. T he temp erature T £ versus temp eratures of anneali ng for di ˜erent Mn concen-

trations (8 :3 % ; 8 :1% r , 8.4% ¯ , 6. 1%2 , 3.2% ?, 1.5%£ ).

neti zati on for the sam ples annealed at the opti m al condi ti ons as compared to the
as-grown specim ens.

In the case of low Mn concentra ti on, x < , the inÛuence of the anneal ing
pro cedure on both the Curi e tem perature and conducti vi ty is weak.

One of the annealed and characteri zed sam ples wi th hi gh content of Mn
( ) was addi ti onal ly inv estigated by m eans of channel ing R utherf ord back-
scatteri ng (c-R BS) and channel ing parti cl e induced X- ray emission (c-PIXE) ex-
perim ents [9]. The results of channel ing measurements indi cate tha t LT anneal ing
intro duces a rearrangement of Mn sites in the Ga Mn As latti ce. In parti cul ar,
the large increase in , accompanied by the increase in satura ti on m agneti zati on
and free carri er concentra ti on (m easured by electro chemical capaci tance{ vol ta ge
m etho d) can be attri buted to the relocati on of Mn ato m s from intersti ti al Mn ) to
substi tuti onal sites (Mn ) or to random positi ons (whi ch Mn can occupy i f i t pre-
ci pi ta tes in the form of other pha ses, e.g., as MnAs). The rem oval of a signi Ùcant
fracti on of intersti ti al Mn (Mn ) provi des a clear expl anati on of the three e˜ects
observed after anneal ing, i .e., the increase in the hole concentra ti on, the increase in
the Curi e tem perature, and the increase in the satura ti on magneti zati on observed
at low temperatures. Fi rst, intersti ti al Mn ato ms (ha vi ng two valence electrons)
act as doubl e donors, thus compensati ng the substi tuti onal Mn (Mn ) accep-
to rs. R emoval of Mn theref ore increases the numb er of electri cal ly- acti ve Mn ,
and thus also the hole concentra ti on. As is well kno wn, the increase in the hole
concentra ti on wi ll auto m ati call y resul t in an increase in . Fi na l ly, one should
realize tha t the intersti ti al Mn donor is both positi vel y charge and relati vely m o-
bi le. It is theref ore expected to dri ft to ward the negati vel y charged Mn acceptor
centers, thus form ing Mn Mn pai rs. Because rem oval of Mn by anneal ing
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is accompanied by an increase in satura ti on magneti zati on (as evidenced by our
m agneti zati on studi es), we inf er tha t the Mn G aÀ Mn I pai rs are coupl ed anti ferro-
m agneti cal ly; i .e., the m agneti c mom ent of Mn I \ neutra lizes" the contri buti on of
Mn G a to the magneti zati on [10]. Removal of Mn I f rom such a pai r should thus
auto mati cally render the substi tuti onal Mn ++ magneti cal ly- active, increasing the
satura ti on m agneti zati on, as is indeed observed exp erimenta l ly.

W e have studi ed the hysteresi s loops usi ng SQUID m agneto meter of the
as-grown and annealed sam ples of GaMnAs. In addi ti on, the Ha ll resistivi ty and
conducti vi ty in the range of high-pul sed magneti c Ùelds up to 30 T were also
m easured.

Ferrom agneti c GaMnAs epilayers are characteri zed by the presence of the
anom alous Ha l l e˜ect (AHE). Determ inati on of the free carri er concentra ti on is
theref ore com pl icated by the dominance of the anom alous Ha l l e˜ect term . In
pri ncipl e, the tra nsp ort inv estigati ons shoul d be perform ed at low tem peratures
and at m agneti c Ùelds su£ cientl y hi gh so tha t the m agneti zati on satura tes. W e
have noted tha t the m agnetotra nsport m easurements (Ha l l resisti vi ty and con-
ducti vi ty) tha t we perform ed up to 30 T and at low tem peratures do not give a
uni que value for the hole concentra ti on of the investigated epi layers, indi cati ng
tha t 30 T is insu£ ci ent to satura te the AHE contri buti on. Much higher m agneti c
Ùelds are theref ore requi red to determ ine the free carri er concentra ti on of the in-
vesti gated GaMnAs epilayers. Ho wever we observe a very pronounced decrease in
the magnetoresisti vi ty for the sam ples annealed at the opti m al tem perature (see
Fi g. 3).

Fig. 3. Magnetoresisti vi ty (( R À R ) , w here is the value of the resistivity at

= 0 ) for tw o samples w ith = 0 083 : as-grow n and annealed at 28 9 C . The distinct

decrease in the magnetoresisti vi ty for the annealed sample is clearly seen in the data.
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Fig. 4. Magnetization measured as a function of magnetic Ùeld for epilayers of GaMnA s

w ith x = 0 : 081 , either as-grow n or annealed at the optimal conditio ns. N ote that the

coercive Ùeld decreases for the sample annealed at an optimal temp erature of T a =

282 £ C.

The m easurements of M (B ) showed tha t the anneal ing pro cess also a˜ects
the hysteresi s loops speciÙcally, we observed tha t the coercive Ùeld H c decreases
when the sam ples are annealed at the opti mal tem peratures around C. Thi s
e˜ect is shown in Fi g. 4. Sim ulta neously, the satura ti on m agneti zati on increases
after heat trea tm ent at the opti m al condi ti ons, indi cati ng tha t anneal ing increases
the concentra ti on of m agneti cal ly- acti ve Mn ions.

In summary , we have systemati cally studi ed both the m agneti c and tra nsport
pro perti es of the annealed Ga Mn As epi layers. W eobserve a large enhancement
of ferrom agneti sm for the sam ples annealed at an opti m al temperature, typi cal ly
about C. The increase in the Curi e tem perature is accom panied by an increase
in conducti vi ty and satura ti on m agneti zati on, also the increase in the hole concen-
tra ti on [9]. Such large changes of the magneti c and tra nsport properti es induced
by low tem perature anneal ing can be attri buted to the relocati ons of Mn ato ms
in the GaMnAs latti ce [9].

Annea l ing at opti mal tem peratures also leads to a decrease in the coercive
Ùeld and in magneto resisti vi ty.

Presentl y, onl y very speculati ve expl anati on of these experim enta l resul ts is
possible. It is very likel y tha t the observed features of hysteresi s loop such as the
coercive Ùeld, the shape of the loop, and the value of the rem anent m agneti zati on
and of the satura ti on m agneti zati on are associated wi th the m agneti c dom ain
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structure. The size and the shape of the m agneti c domains reÛect the magni tude
and the anisotro py of the m icroscopi c exchange intera cti on.

R ecently, the unco nventi onal random dom ain structure in GaMnAs Ùlms
wi th in-plane m agneti zati on have been reported [11]. Mo reover, Barabash and
Stro ud [12] showed tha t both the shape and the positi ons of the peaks in the
m agneto resistivi ty depend on the domain microgeometry and on the squareness of
the hysteresis loop. W esuggest tha t changeof the domain structure can lead to the
exp erimenta l results reported in thi s paper. Ho wever the rigorous interpreta ti on
of the experim ental resul ts is di £ cul t, because of the absence of understa ndi ng of
the fundam entals of ferrom agneti sm in GaMnAs layers.
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