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M nA s l ayer has been grow n by means of M B E on the Ga N (0001)-( 1 È 1)
surf ace. Sp ontaneous format ion of MnA s grains w ith a diameter of 30 { 60 nm
(as observed by atomic force microscopy) occurred for the layer thic kness

bigger than 7 M L. Ferromagnetic prop erties of the layer with C urie temp er-
ature higher than 330 K were detected by SQU ID measurements. Electronic
structure of the system w as investigated i n si tu by resonant photo emission

spectroscopy for MnA s layer thickness of 1, 2, and 8 ML. Density of the
valence band states of MnA s and its changes due to the increase in the layer
thickness w ere revealed.

PACS numb ers: 68.55. {a, 73.20.A t

1. I n t rod uct io n

Hetero struc tures consisti ng of ferromagneti c m ateri als and semiconducto rs
attra ct m uch interest because of thei r pro specti ve spintro ni c appl icati ons [1]. Am ong
other ferrom agneti c system s, selected com pounds of Mn (l ike GaMn and MnAs)
are also considered [2{ 6]. MnAs is especial ly interesti ng, not onl y due to possible
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appl icati ons, but also from the point of vi ew of basic research of m agneti c mate-
ri als. Thei r m agneti c properti es are coupl ed wi th thei r structure [7]. Thi s inspi red
attem pts to perf orm i ts overgrowth on various substra tes (e.g. GaAs(0 01) [7],
GaAs(1 11) [8]).

In thi s paper we report a study of MnAs layers deposited by MB E techni que
on GaN(0 001)- (1 È 1 ). Since both m ateri alshave a hexagonal structure in the plane
perpendicul ar to the c axi s and a M nA s > a G a N , the form ati on of MnAs dots in thi s
system can be expected (contra ry to MnAs/ GaAs(1 11) system ). The layers of
MnAs were deposited stepwi se and i ts electro nic structure was inv estigated in sit u
at each stage of growth (1, 2, and 8 ML) by means of photo electro n spectro scopy.
Surf ace crysta l l ini ty was assessed by reÛection hi gh energy electro n di ˜ra cti on
(R HEE D ) and low energy electron di ˜ra cti on (LEED ) techni ques. The m orpho logy
of the layer form ed by depositi on of 8 ML of MnAs was studi ed ex situ by ato m ic
force m icroscopy (A FM). Its m agneti c properti es were studi ed by the SQUID
techni que.

2. E x per i m en t a l

The MnAs/ GaN system wa s prepared and i ts electronic structure wa s inv es-
ti gated in the Nati onal El ectron Accelerato r Laborato ry for Nucl ear Physi cs and
Synchro tro n R adiati on Research MAX- lab, Lund Uni versi ty , Sweden. MnAs layers
were grown on bul k GaN substra tes by m eans of MBE techni que. The bul k GaN
crysta ls wi th hexagonal crysta l l ine structure were grown by m eans of high pressure
techni que at the Hi gh Pressure Research Center, Pol ish Aca demy of Sciences, W ar-
saw, Poland. The (0001) surface of GaN substra te used in our experim ents were
ini ti al ly prepared by ex sit u mechani cal and chemical pol ishing. Pri or to the MnAs
growth and photo emission m easurements they were intro duced to the UHV system
and subjected to an in situ cleani ng pro cedure consisti ng of the cycl es of Ar + ion
bom bardment and subsequent anneal ing at 500£ C. As previ ousl y shown [9], such
a pro cedure leads to a clean and wel l-ordered (1 È 1 ) GaN (0001) surf ace. Tha t
wa s conÙrmed for the investi gated surfaces by the surf ace crysta l l ini ty assessment
done by electron di ˜ra cti on observati ons (LEED and RHEED ). The MnAs was
deposited in the MBE chamber di rectl y atta ched to the spectro meter. The pro-
cess was m oni to red by RHEED . The depositi on was realized in three steps. The
condi ti ons were Ùxed to reach subsequentl y 1, 2, and 8 ML thi ck overl ayer.

The photo emission experim ents were carri ed out at the beam l ine 41 of
MAX- lab. The overa l l energy resoluti on was kept around 150 meV, and the an-
gul ar resoluti on was about 2 0 . The orig in of the bindi ng energy scale was set at
the Ferm i level (determ ined for the reference m etal sam ple). The angle between
incom ing photo n beam and the norm al to the surface was kept at 45 £ . AFM and
SQUID studi es were perf orm ed ex situ in the Insti tute of Physi cs, Pol ish Aca dem y
of Sciences, W arsaw, Poland.
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3. R esul t s an d d iscu ssio n

A stepwi sepro cessof MnAs growth enabled us to observe changesin the layer
structure as well as in i ts electroni c structure. The Ùrst two steps of depositi on
(1 and 2 ML) caused blurri ng of the streaked pattern of GaN(0 001)- (1 È 1 ). Further
depositi on led to im pro vement of the pattern (strea ks becam e again stronger and
sharper), then, at about 7 ML, the cri ti cal thi ckness was achieved and it swi tched
the pattern to a dotted one, indi cati ve of 3D growth. An AFM investigati on of the
sam ple surf ace m orpho logy pro ved tha t MnAs gra ins of the diam eter 30{ 60 nm
and the avera ge height of 4 nm were form ed (Fi g. 1).

Fig. 1. Surf ace morpholog y of 8 ML MnA s grow n on GaN (0001 )- (1 È 1), obtained by

A FM.

The electro nic structure of the grown system was investigated i n situ by
m eans of photo electro n spectro scopy . Since the energy distri buti on of Mn 3 d states
is the key issuewhi ch m ust be discussed, resonant photo emission techni que was ap-
pl ied in order to resolve Mn 3 d contri buti on to the photo emission spectra against
the background of emission from the valence band. Thus, photo electron experi -
m ents were carri ed out for photo n energ ies close to the Mn 3 p ! 3 d tra nsiti on.

W hen the photo n energy Ùts the energy of the intra -ion tra nsiti on to the
uno ccupied states in the partl y Ùlled shell (l ike Mn 3 d ), two pro cesses leading to
the same Ùnal state m ay occur. The Ùrst one is the di rect photo emission exci ta ti on
from the open shell to the conti nuum of free electron states. The second one is a
pro cess involvi ng the discrete intra -ion tra nsi ti on (l ike Mn 3 p ! 3 d ) fol lowed by a
recombi nati on of one of the electrons from the open shell wi th the hole created in
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the core level, associ ated wi th the emission of another electro n from the same shell
to the conti nuum states. For Mn- conta ining crysta ls one considers the fol lowi ng
tra nsiti ons:

Mn 3 d 5 + h ¡ ! Mn 3 d 4 + e À

and

Mn 3 p 6 + h¡ ! Mn 3 p 5 3 d 6
! Mn 3 p 6 3 d 4 + eÀ :

The quantum interf erence between these pro cessesm ani fests i tsel f in a reso-
nant increase of the photo emission from the open shell . Thus, resonant photo emis-
sion is wi dely used for identi Ùcati on of the features of the photo emission spectra
whi ch can be ascribed to the emission from partl y Ùlled shells.

Fi gure 2a shows selected photo emission spectra acqui red at photo n energies
of 50 and 51 eV (i .e. under resonance condi ti ons). They were m easured for cl ean
GaN(0 001)- (1 È 1 ) surface and for the sam e surface wi th a 8 ML thi ck layer of
MnAs. Ana lysis of the ful l sets of spectra, taken for photo n energies from 45 to
65 eV, showed tha t the resonance photo emission condi ti ons occurred for 50 and
51 eV. For these energies enhancement in the who le valence band was observed.
Ho wever, two features, at 4.1 and 6.7 eV, becam e parti cul arly stro ng for 51 and
50 eV, respectivel y (Fi g. 2a). Thi s suggests tha t Mn in the system occurs in two
di ˜erent states wi th di ˜erent resonance energies. It is well kno wn from studi es of
vari ous Mn com pounds [10, 11] tha t resonance energy as wel l as the shape of Mn
3 d related emission strongly depend on chemical identi ty of Mn- ato m l igands and
sym m etry of thei r arra ngement. The spectrum obta ined for MnAs(8 ML)/ GaN at
h¡ = 5 1 eV is very simi lar to tha t ta ken for 1 ML thi ck MnAs layer at the same
photo n energy. Mo reover, for the thi n layer (1 or 2 ML) the spectra at h¡ = 5 0

and 51 eV are much al ike. The feature at the bindi ng energy of 6.7 eV becomes
di scernibl e only for the MnAs layer wi th the thi ckness of 8 ML (at h¡ = 5 0 eV).
Thus, Mn ato ms exhi bi ti ng the resonance energy close to 51 eV seem to be bui l t
into the region adj acent to the MnAs/ GaN interf ace. Tho se wi th 50 eV resonance
energy are probably located in MnAs gra ins. Spin- resolved photo emission studi es
of MnAs epi ta xi al layers grown on GaAs [12] revealed Mn 3 d majorit y spin related
contri buti on wi th only a m axi mum at 3.7 and a shoulder at 1.9 eV. The feature at
6.7 eV appearing in our spectra to gether wi th the change of the sam plem orpho logy
seems to be related to substa nti al change in the Mn ato m neighb ourho od.

For the spectra of MnAs/ GaN, the relati vel y strong Ga 3 d peak at about
20 eV shows tha t we sti l l record som e emission from the substra te (see Fi g. 2a).
Thus, one had to subtra ct the spectrum of GaN from tha t of MnAs/ GaN in order
to reveal an emission from the MnAs layer. The curves were norm al ized wi th
respect to the Ga 3 d peak. Fi gure 2b shows a di ˜erence spectrum obta ined for
h¡ = 5 0 eV. Thi s curve repro duces the shape of the electro nic states distri buti on
of MnAs, wi th enhanced Mn 3 d contri buti on due to resonance condi ti ons of the
m easurement | thi s refers especial ly to the features at 4.1 and 6.7 eV.
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Fig. 2. Photo emissi on spectra taken at photon energies of 50 and 51 eV for

MnA s(8 ML) /GaN compared with those of clean GaN surf ace (a). Di ˜erence spectrum

corresp ondi ng to the emission from the MnA s o verlayer (b).

The intera cti on between deposited species and GaN were also moni to red by
spectroscopy of selected core levels. The analysis of photo emission spectra of the
Ga 3 d core level (Fi g. 3) revealed no addi ti onal features whi ch coul d be indi cati ve
of substanti al GaN surface disrupti on duri ng depositi on.

Fig. 3. The Ga 3 d core level p eak measured for clean GaN and MnA s(8 ML)/GaN .
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4 . Co n cl usion s

MnAs layer grown by m eans of MBE on the GaN(0 001)- (1 È 1 ) surface spon-
ta neously form ed gra ins wi th a diam eter of 30{ 60 nm , for the layer thi ckness big-
ger tha n 7 ML. Ferromagneti c pro perti es were detected in the system by SQUID
m easurements. However, the magneti c mom ent vs. tem perature dependence is in-
di cati ve for T C much higher tha n tha t of Ni As- typ eMnAs (313 K). Thus, we have
to adm i t tha t substanti al contri buti on of other Mn com pounds at the interf ace
(l ike MnG a) dom inates the observed m agneti c m oment of the sampl e, al tho ugh
the Ga 3 d spectroscopy showed tha t the am ount of MnG a should be very smal l.

The shape of the electro nic states distri buti on in MnAs wa s determ ined by
resonant photo emission spectroscopy at the Mn 3 p ! 3 d tra nsi ti on. The presence
of manganese ato ms wi th two di ˜erent l igand conÙgurati ons in the MnAs layer
wa s revealed.

Ac kn owl ed gm ent s

Thi s wo rk was supp orted by the Sta te Comm ittee for Scienti Ùc Research
(Po land) pro ject 2P03B 046 19 and by the Euro pean Com mission pro grams
ICAI- CT- 2000-70018 (Center of Excel lence CELD IS) and G1MA- CT- 2002-4017
(Center of Excel lence CEPHEUS).

R ef er en ces

[1] G.A . Prin z, Sci ence 25 0, 1092 (1990).

[2] M. Tanak a, J.P. H arbison, T . Sands, B. Phili ps, T .L. C heeks, J . De Bo eck,
L. T . Florez, V .G. K eramidas, A ppl . P hys. L ett . 6 3, 696 (1993).

[3] G. K ioseoglou , S. K im, Y .L. Soo, X . C hen, H . Luo, Y .H . K ao, Y . Sasaki, X . Liu,
J.K . Furdyna, A ppl. Ph ys. L ett . 80, 1150 (2002).

[4] K . A keura, M. T anaka, M. U eki, T . N ishinaga, A ppl. Ph ys. L ett . 67, 3349 (1995).

[5] M. Tanak a, K . Saito, T . N ishinag a, A ppl . Ph ys. L ett . 74, 64 (1999).

[6] M. Ramsteiner, H .Y . H ao, A . K aw aharazuk a, H .J. Zhu, M. K �astner, R. H ey,
L. D�aweritz, H .T . Grahn, K .H . Plo og, Ph ys. Rev . B 66, 081304 (2002).

[7] A . N ey, T . H asjedal, C . Pampuch, A .K . Das, L. D�aweritz, R. K och, K .H . Plo og,
T . Toli ¥ski, J. Lindner, K . Lenz, K . Bab ersche, Ph ys. R ev. B 6 9, 081306(R) (2004)

and references therein.
[8] J. Sadow ski, J. K anski, L. I lver, J . Johansson, A ppl. Sur f . Sci . 247 (2000).

[9] B. J . K owalski, R.J . Iw anow ski, J . Sadow ski, J . K anski, I . Grzegory , S. Porow ski,
Surf . Sci . 186 (2002).

[10] M. Taniguchi, A . Fuj imori, M. Fuj isaw a, T . Mori, I . Souma, Y . Oka, Sol id State
Commu n. 431 (1987).

[11] H . Sato, T . Mihara, A. Furuta, Y . U eda, H . N amatame, M. Taniguchi, J. Electron
Spec tr. R el. Ph en om. 87 (1996).

[12] K . Shimada, O. Rader, A . Fuj imori, A . K imura, K . O no, N . K amakura, A . K aki-
zaki, M. Tanak a, M. Shirai , J. Electron Spectr. R el . Ph enom. 383 (1999).


