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M olecul ar beam epita xy gro w n Ga1 À x Mn x A s layers were investigate d
by means of magnetic resonances. Wit h an increase in Mn concentration , x ,
the spectrum changes from the (i ) paramagnetic one, with resolved Ùne and

hyp erÙne structures, typical of S = 5= 2 spin of substituti onal Mn 2 + ions,
for very diluted alloy , via (ii) paramagneti c spectrum, w here the Ùne and
hyp erÙne structures are averaged by a long range Mn 2+ Mn 2+ exchange

couplin g, (iii) single, isotropic line of ferromagnetic resonance. Insulator to
metal transition is accompanied with occurrence of (iv) a very complex spec-
trum of the ferrimagnetic resonance, accompanied w ith the w ell- resolved spin

w ave resonance. Reentrance to insulator phase for the most condensed al-
loys is accompanie d w ith the reentrance to (v) ferromagnetic phase. T he
data conÙrm that the e˜ective mass holes transf er the exchange interaction

b etw een locali zed Mn 2+ spins.

PAC S numb ers: 71.55.Eq, 76. 30.Fc, 75.50.Pp, 75.30.Gw

1. I n t rod uct io n

Ga x Mn x As is a canonical m agneti c semiconducto r whi ch shows ferrom ag-
neti c properti es [1{ 4]. It is one of the most pro mising di luted ferrom agnets whi ch
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can be appl ied in m agneti c semiconducto r devi ces. The ferrom agneti c phase occurs
al ready for x = 0 : 0 1 5 , and for x = 0 : 0 4 , the Curi e tem perature reaches 110 K.
Som e logical elements, where the m agneti c phase is swi tched on by an electri c
gate, have already been bui l t [3, 4].

The properti es of Ga1 À x Mn x As are inv estigated in m any laborato ri es. Sev-
era l m odels for the expl anati on of the m agneti c pro perti es in very di luted al loys
were elaborated [5{ 15]. Neverthel ess, som e basic questi ons sti l l rem ain open.

Fi rst of al l , there is an open contro versy on the ground state of Mn accepto r.
Som e models assume tha t the ground state corresponds to the Mn 2 + ion wi th the
3 d 5 conÙgurati on, characteri zed by S = 5 =2 , and an ẽ ecti ve m ass hole [5{ 14].
But another autho rs assume an occurrence of parti ally Ùlled Mn 2 + = im puri t y
band [15]. In the form er case the Mn Mn exchange intera cti on is consequentl y
assumed to be mediated by e˜ecti ve m ass electro ns, i .e. by RKK Y- l ike intera c-
ti on whi le in the second case the doubl e exchange is postul ated as the dom inant
exchange m echanism.

The ro le of the chemical di sorder caused by the random distri buti on of the
Mn ions is another open questi on. Theo reti cal models predi ct considerable Ûuc-
tua ti on of the local density of Mn ions and the related Ûuctua ti ons of the hole
density . A noncol l inear structure of Mn ions is theo reti cal ly predi cted [7, 13, 14].
From tha t point of vi ew i t is not obvi ous i f the real long range ferromagneti c order
can occur in these very di luted al loys.

Fi nal ly, the origin of the m agneti c anisotro py remain uncl ear. There is a class
of Ga x Mn x As sam pleswhi ch shows alm ost isotro pi c properti es,but another class
exhi bi ts a stro ng magneti c ani sotro py [2, 11, 12, 16].

Our system ati c inv estigati ons of Ga x Mn x As layers by m eans of m agneti c
resonances bri ng some answers on the l isted questi on. They pro ve occurrenc e of
Mn ions coupl ed by e˜ecti ve mass holes. D i ˜erent magneti c phases were found
in insul ati ng and metal l ic phases. In the insul ati ng phase the S = spi ns f orm
an isotro pic ferromagneti c order. The holes are localized and thei r spati al distri -
buti on, and general ly the spati al di stri buti on of the ferrom agneti c phase, are not
hom ogeneous. In contra st, in the meta ll ic pha se, the extended states of holes lead
to m agneti cal ly hom ogeneous phase. Here, the spin wa ves can easily propagate,
the holes form thei r own m acroscopi c magneti c m oment leadi ng to a ferri m ag-
neti c order. The m agneti c anisotro py of the conducti ng holes results in the stro ng
m agneti c anisotro py of the ferri m agneti c phase.

The sam ples were grown by low tem perature molecular beam epi ta xy (L T
MBE) [17]. The cal ibra ti on of Ga and Mn sources al lows us to estim ate the Mn
content wi th an accuracy better tha n 0.1%. The compositi on of sampl es wi th
low Mn concentra ti ons was veri Ùed by SIMS m easurem ents and by the integrated
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am pl i tude of electron paramagneti c resonance (EPR ) signal . The thi ckness of low
concentra ti on sam ples was about 2 m icro meters and of high concentra ti on ones
wa s about 1 microm eter. A wi de range of the Mn com positi on was exam ined.
The lowest com positi on is x = 1 0 À 5 , the highest is x = 0 : 0 8 . The X-ray di ˜ra cti on
(XR D ) m easurements showed tha t al l sam ples wi th Mn content from 1 0 À 5 to 1 0 À 3

are coherentl y stra ined by the GaAs (100) substra te.
The measurement was done in the com merci al X- band (9.4 GHz) BR UKER

EPR spectro meter in the Insti tute of Physi cs in W arsaw. Som e sam ples were ad-
di ti onal ly m easured in a hi gh frequency EPR spectrom eter in HMFL, Grenobl e.
The m easurement frequency was tuned in the range of 40{ 60 GHz and m agneti c
Ùeld up to 18 T. In Fi g. 1 vari ous typ es of m agneti c resonance spectra, measured
at a tem perature of T = 2 K, for Ùve di ˜erent Mn concentra ti ons are presented.
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The spectra (a), (b), and (c) corresp ond to a param agneti c phase. For very di luted
sam ples well - resolved six l ines of the hyp erÙne structure , caused by the coupl ing
of S = 5 =2 electroni c spin to I = 5 =2 nucl ear spin, and weakl y resolved Ùve lines of
a Ùne structure is observed. W i th an increase in Mn concentra ti on, the exchange
coupl ing vi a the e˜ecti ve m assholes bound on the acceptor states leads to the ex-
change narrowi ng of Ùne and hyp erÙne structure. The spectrum (d) is an isotro pic
l ine of the f erromagneti c resonance, whi le the com plex spectrum shown in Fi gs. 1e
and f stand for ferri m agneti c resonance observed in m etal l ic sampl es, measured
for two di ˜erent di recti ons of the appl ied m agneti c Ùeld. Fi nal ly, the spectrum (g)
is the ferrom agneti c resonance whi ch occurs in the insul ati ng sam ples wi th a high
Mn concentra ti on.

3. T h e par am agnet ic r eson an ce

The paramagneti c resonance in Ga1 À x Mn x As wa s investi gated by several
autho rs. Al meleh and Goldstein [18] observed the spectrum of Mn 2 + ions in very
di luted bul k sam ples. They evaluated hyp erÙne structure and estimated the upper
l im it of the cubi c crysta l Ùeld Ùne spl itti ng. In addi ti on to the spectrum typi cal of
3 d 5 conÙgurati on of Mn 2 + ion, characteri zed by g -facto r g = 2 , Schneider et al . [19],
found the param agneti c resonance at g : . They attri buted thi s resonance to
S e˜ecti ve spin of the neutra l acceptor ori ginati ng from the coupl ing of the
S = spin wi th j = magneti c mom ent of e˜ecti ve m ass accepto r hole,
bound on Mn core. Szczytko et al . [20, 21] investi gated MBE grown layers.
They found the param agneti c resonance sim i lar to tha t measured by Al m eleh
and Goldstein [18], they observed the single l ine param agneti c and ferrom agneti c
resonances (see Fi gs. 1b and c), but in the MBE layers they did not Ùnd any
resonance whi ch could be attri buted to the neutra l acceptor [19].

Our earl ier system ati c investi gatio ns of MBE grown Ga x Mn x As layers [16]
are in accordance wi th the results of Szczytko et al . [20, 21]. In spite of a very
careful investi gatio n of the variatio n of the EPR spectra wi th a change of Mn
concentra ti on we di d not Ùnd any resonance of neutra l acceptors. The high qual i ty
sam ples al low us to resolve the Ùne structure of the EPR spectrum . In consequence
we were able to evaluate the single ion, crysta l Ùeld anisotro py and to analyze the
l ine broadening due to the local stra in. W e Ùnd tha t the cubi c com ponent of
the crysta l Ùeld is very smal l , the corresp ondi ng param eter of spin Ham i lto ni an
a : : cm . The axi al stra in caused by a di ˜erence of the latti ce

constants between the GaAs substra te and Ga x Mn x As layer e˜ects the axi al
component of the crysta l Ùeld seen by Mn ion. But thi s ori gin of the m agneti c
ani sotro py is deÙnitel y to o smal l to be responsible for the magneti c ani sotro py
observed in ferri magneti c Ga x Mn x As. In the concentra ti on range, where the
Ùne structure is resolved, the axi al com ponent of the anisotro py Ùeld does not
exceed 0.7 m T .
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The analysis of the vari atio n EPR spectrum wi th the Mn concentra ti on leads
to the conclusi ons tha t the exchange narro wi ng of Ùne and hyp erÙne structures is
not uni form for al l Mn 2 + spins. W i th the increase in doping, when Mn and holes
concentra ti ons increase, the f racti on of Mn 2 + spins whi ch are coupl ed to each
other increases, but the rest of Mn 2 + spins rem ains una˜ected by carri es and by
neighbori ng Mn 2 + spins. Thi s leads to the concl usion tha t the spati al distri buti on
of carri ers is not hom ogeneous. The simpl e m odel ing of the vo lum e covered by
carri ers, tra nsferri ng the exchange intera cti on, shows tha t the m ean intera cti ng
radi us coincides wi th the Bohr radius of accepto r states [9, 16].

The resul ts of EPR pro ves tha t the magneti c moments observed in the para-
m agneti c phase ori ginates from Mn 2 + . Neither resonance of carri ers spin, nor of
insul ated neutra l acceptor is observed. The di ˜erence between the MBE grown
layer and the bul k crysta l is probably caused by the presence of a hi gh concen-
tra ti on of the donor- like nati ve defects in the low tem perature MBE sampl es. The
presence of donors causes tha t the weakl y doped sam ples, wi th Mn concentra ti on
x < 2 È 1 0 À 4 , are ful ly com pensated. No e˜ecti ve m ass hole occurs and all Mn
dopants are in Mn 2 + state. W hen, for the Mn concentra ti on of about x > 2

the nati ve donors becom e overcom pensated by Mn acceptors and the e˜ecti ve
m ass holes appear, the Mn{ Mn distance is to o smal l to form the indi vi dual neu-
tra l acceptor states. The m ean Mn{ Mn distance (about 6 nm ) is sti l l considerably
greater as compared to the Bohr radius, but the holes are preferably captured by
the closely di stri buted Mn clusters where the Ûuctua ti ng Coul omb potenti al has
i ts m inima.

W e careful ly looked f or the EPR signal whi ch could be attri buted to the
spectrum of Mn , but up to frequency of 60 GHz and m agneti c Ùeld of 18 T no
correspondi ng signal has been found.

The tra nsiti on from paramagneti c to ferromagneti c resonance occurs in the
concentra ti on range of x : : . No dra mati c changes in the character of
the spectrum is seen. Both resonances are characteri zed by the sing le resonance
l ine wi th g - factor g and the l inewi dth of about 20 m T. In both cases the
m agneti c ani sotro py is very smal l, i t does not exceed 3 m T when com pari ng the
resonance positi on for perpendicul ar and in-plane orienta ti on of externa l m agneti c
Ùeld. The di ˜erence between phasesis seen in the l ine am pl itude and its tem per-
ature dependence. The am pl itude of the param agneti c resonance is smal ler and
decreases wi th an increase in tem perature accordi ng to Curi e{ W eiss law. The am -
pl i tude of the f erromagneti c resonance is stronger, in a low temperature range i t
is weakl y tem perature dependent and sharpl y decreases below the Curi e point.

The smal l m agneti c ani sotro py, smal ler tha n exp ected anisotro py caused
by the shape ani sotro py for a layered sampl e (ori ginati ng from the di pole{ dipole
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coupl ing) indi cates tha t the spati al distri buti on of the ferromagneti c pha se is not
hom ogeneous. It does not uni form ly Ùll the who le sam ple vo lum e but form s an
i rregul ar percolated structure.

General ly the ferromagneti c resonance shows tha t the to ta l magneti c m o-
m ent orig inates from the local ized S = 5 =2 spi ns of Mn 2 + ions. No resonance
whi ch could be related to free carri ers and no inÛuence of the magneti c mom ent
of holes on the resonance f requency of Mn mom ent is observed. It m eans tha t the
local ized holes form a param agneti c system , characteri zed by a very bro ad m ag-
neti c resonance and tha t the actua l m agneti zati on of holes fol lows the precession
of the Mn m oment being anti -para l lel to each other.

5 . Fer r im agn etic r esonan ce

At the Mn concentra ti on of about x ¤ 0 : 0 3 the insul ator to m etal tra nsi ti on
occurs [2, 9]. Thi s Mo tt{ Hubba rd tra nsi ti on is accom pani ed by the change of the
m agneti c structure whi ch is evidenced by the change of the character of m agneti c
resonance. As i t is shown in Fi g. 1 the resonance in meta ll ic phase is very di ˜er-
ent from tha t observed in the insulati ng Ga1 À x Mn x As. In thi s chapter we shal l
argue tha t the com plex anisotro pic spectrum corresp onds to the ferri m agneti c res-
onance [22] and pro ves the occurrence of two m acroscopi c mom ents. The isotro pic
m oment of local ized Mn 2 + spins, characteri zed by g = 2 , is anti ferromagneti cal ly
coupl ed to very ani sotro pi c m oment of conducti ng holes whi ch is characteri zed by
a smal ler g -f actor [9, 11, 12].

The analysis of the positi on of the resonances seen in the high Ùeld in Fi g. 1e
designates them as the spin wa ve resonance. In the presented spectrum the reso-
nance of the uni form mode at B = 0 : T corresp onds to the hi gh Ùeld edge of
the spi n wa ve resonances. The evaluati on of the m agneti c sti ˜ness [6] leads to the
m ean value of the exchange Mn{ Mn to be equal J =k 4 K. Thi s is in the well
accordance wi th the Curi e tem perature observed for thi s sampl e T 80 K.

The observati on of the spin wave resonances shows tha t i f the exchange
intera cti on is m ediated by extended hole states wi th a smal l Ferm i energy the
conti nuous m edia m odels can be successful ly appl ied [5, 6]. The chemical disorder
caused by the random di stri buti on of Mn spins is wel l averaged and the long spin
wa ve can easily pro pagate for m acroscopi c distances.

As i t is seen from the compari son of spectra (e) and (f ) in Fi g. 1 the resonance
stro ngly depends on the di recti on of the appl ied magneti c Ùeld. The positi on of
the resonance of the uni form m ode changes from the Ùeld B : T for perpen-
di cular to B : T for in-plane ori enta ti on. The di ˜erence of the resonant Ùelds
corresponds to the axi al ani sotro py Ùeld. The sign of the anisotro py Ùeld shows
tha t the in-plane is the easy di recti on of the m agneti zati on. The corresp ondi ng
g - factor m easured at T K and frequency 9.4 GHz is g : .

The g -factor as well as the ani sotro py Ùeld stro ngly are di ˜erent for vari ous
sam ples and they depend on the tem perature and on the appl ied m agneti c Ùeld
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(i .e. on the microwav efrequency used in the measurement). W i th the tem perature
increase the anisotro py Ùeld increasesto the maxi mum at T ¤ 2 0 K and decreases
at a higher tem perature. For the sam ple discussed the g -factor increases wi th
tem perature and at T > 4 0 K satura tes at a value of g ¤ 1 : 7 . At high m agneti c
Ùeld the g - factor for the di scussed sampl e is g ¤ 1 : 9 5 . The di scussed param eters,
in parti cul ar, thei r values at low tem perature considerably change from sampl e to
sam ple.

As wel l the observed large m agneti c anisotro py as the g - factor, whi ch is very
di ˜erent from g = 2 , show tha t the observed m agneti c mom ent cannot ori ginate
from spins of the Mn 2 + ions only [22]. The observed resonance cannot also be
related to the neutra l donor state (g = 2 : ) or the spi n of d conÙgura ti on of
Mn ion. On the other hand, al l the exp erimenta l data presented well conÙrm
the assumpti on tha t Ùve d electrons of Mn core f orm a deep energy state wi th the
S = spin whi ch is coupl ed to the m agneti c mom ent of e˜ecti ve m ass holes.
The peculiari ty of the m etal l ic phase is tha t the conducti ng holes form thei r own
m acroscopi c m agneti c m oment and the who le system have the properti es of the
ferri m agnet. W hen the two subsystem s are strongly coupl ed then the only m ode
of the ferri m agneti c resonance whi ch can be observed at low magneti c Ùeld is,
so-cal led, the Zeeman m ode. The frequency (g -f actor) and the anisotro py Ùeld of
such m ode are the mean values of the contri buti ng magneti c m om ents [22]. The
coupl ing of the isotro pic m oment of Mn spins wi th the stro ngly anisotro pic
m oments of conducti ng holes resul ts in the anisotro pic mom ent wi th g < whi ch
is exp erimenta l ly observed. The dependence of the ferri magneti c resonance on the
externa l param eters reÛects the dependence of the rati o of the m agnitudes of the
contri buti ng m oments.

The observati on of the ferri m agneti c resonance does not m ean only tha t both
spi n subsystem s are polarized by the p { d exchange. Such polari zati on is expected
in ferrom agneti c phase as wel l . The form ati on of the macroscopic mom ent in fer-
ri m agneti c phase m eans tha t there is an e˜ecti ve exchange intera cti on between
conducti ng holes whi ch is stro ng enough to result in the m agneti c order of holes.
Here the ordered structure m eans tha t al l spi ns precess in a coherent way, wi th
the com mon precession pha se.

For the Mn concentra ti on x > : the al loys of Ga Mn As are insul a-
to rs. Thi s reentra nce to the insul ati ng phase is accom pani ed wi th re-appearance
of the ferromagneti c phase, simi lar to tha t whi ch is observed for insulati ng sam -
pl es wi th x < : . The resonance l ine is isotro pic and occurs at resonance Ùeld
correspondi ng to g . Thi s re-appearance of the f erromagneti c phase in strongly
doped, insulati ng al loys, indi cates the di rect relati on between magneti c and electri c
pro perti es, i .e. on the ro le of carri ers in m agneti c intera cti ons.
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7 . Co n clusion s

Al l the data presented in the paper pro ve tha t the Mn ions occur in 3 d 5

conÙgurati on correspondi ng to Mn 2 + ions whi le the holes occupy the e˜ecti ve
m ass states: the im puri t y band f or insulati ng [7, 13] and the valence band states
in metal l ic phase [5, 6]. The correl ati on of the electri c and the m agneti c pro perti es
stro ngly indi cates tha t in Ga1 À x Mn x As the e˜ecti ve m assholes[5{ 14], but not the
doubl e exchange [15] are responsi ble f or the tra nsfer of the exchange intera cti on
between local ized Mn spins. Occurre nce of the ferri magneti c phase shows tha t the
p { d coupl ing between the Mn and the extended hole spins leads to the indi rect
exchange between holes.
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