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D i˜ erent t ypes of m agneti c resonance observed in Ga 1 À x Mn x A s reÛect
t hree di˜erent magnetic phases: para -, ferro- , and ferrimagnetic . Ferromag-
net is characteri zed by sing le isotropic resonance line. A comple x spectr um

in ferrimagnet can be describ ed by g factor equal to 1.44 and a sum of an
axial and cubic anisotropy Ùeld. T he axial Ùeld is by an order of magnitude
greater than the cubic one. The complex structure of ferrimagnetic resonance

is attributed to spin- w ave resonance. Quantitative analysis of the disp ersion
of spin wave show s that the range of exchange coupling is very long, of the
order of 25 nm, w hile spin- w ave sti˜ness and the total exchange Ùeld are

very small. T he exchange Ùeld as evaluated from spin w ave is by two or-
ders of magnitude smaller than the Zener Ùeld corresp onding to the critical
temp erature.

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

1. I n t rod uct io n

GaMnAs is a classical semiconducto r, where Mn impuri ti es pl ay the ro le
of acceptors. The Mn ions have wel l local ized spi ns and the ioni zed
holes are characteri zed by the magneti c m oment . In di luted m agneti c
Ga x Mn x As free carri ers play the basic ro le in occurrence of the f erromagneti sm:
they mediate the exchange between localized Mn spi ns [1{ 3]. The occurrence of
an ordered magneti c phase of Ga x Mn x As has been well pro ven. The cri ti cal
tem perature exceeds 110 K.

(607)



608 O.M. Fedorych et al .

2. R esul t s

Ma gneti c resonance techni que al lows to clari fy some deta ils of spin inter-
acti ons and to di stinguish vari ous m agneti c structures . Para-, ferro-, and f erri -
m agneti c spectra of Ga1 À x Mn x As were obta ined for di ˜erent Mn concentra ti ons.
Fi gure 1 shows cri ti cal tem peratures obta ined f rom the analysis of tem perature
dependence of resonance am pl i tude as a functi on of x , di ˜erent symbols corre-
spondi ng to di ˜erent m agneti c phases. For low Mn concentra ti on, x < 0 : 0 1 , the
paramagneti c resonance is observed. For x < 0 : 0 0 2 well resolved Ùne and hyp erÙne
structures pro ve tha t there is no correlati on of precession of indivi dual Mn spins
[4]. An increase in Mn concentra ti on leads to exchange narro wi ng of structures
and a single isotro pi c resonance l ine is observed.

At larger Mn concentra ti on Ga x Mn x As exhi bi ts ferrom agneti c pro perti es.
There is no evident change of the character of resonance: a sing le isotro pi c l ine
wi th factor very cl ose to 2 is observed. The only di ˜erence is the behavi or
of the temperature dependence of the resonance am pl itude. The ferrom agneti c
phase observed in the Mn concentra ti on range coinci des wi th the
occurrenc e of the phase of the Mo tt insulato r. The shift of f erromagneti c resonance
is due to the sam ple demagneti zati on and is weak [5] because of smal l sampl e
m agneti zati on for di luted systems. On the other hand, the m ean exchange
Ùeld, so-cal led Zener Ùeld [2] or Kni ght shift, caused by spin polarized holes is
exp ected to be very large, of the order of many tesla. The fact tha t thi s shift is
not observed can be related to stro ng di sorder in insul ati ng sam pl es.The resulti ng
spi n relaxati on of hole spins is very fast, m uch faster tha n the Larm or frequency,
and the di recti on of the holepolari zati on fol lows the di recti on of magneti c mom ent
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of Mn spi ns, M . In such a case, p À d Ùeld being para l lel to M does not a˜ect i ts
precession frequency [6, 7].

The insulator to meta l tra nsiti on occurri ng at x ¤ 0 : 0 3 i s fol lowed by
a change of the magneti c structure. For meta l lic phase occurri ng in the range
0 : 0 3 a ferri magneti c resonance is observed. Mo reover, reentra nce to
insul ati ng phase at is accom pani ed by the reentra nce to ferrom agneti c
phase. Thi s coinci dence shows the dependence of magneti c structure on electri cal
phase.

An exam ple of the angular dependence of ferri m agneti c resonance spectra is
shown in Fi g. 2. The structure in Fi g. 2b ori ginates from spin-wave (SW ) reso-
nances. The hi gh Ùeld edge of SW structure corresponds to the uni form mode of
the ferri m agneti c resonance [8, 9]. The dependence of the resonance Ùeld of
the di recti on of appl ied magneti c Ùeld, , is plotted as squares in Fi g. 2. for
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the perpendi cular ori enta ti on, ˚ = 0 , is hi gher by 3 kG s tha n for the in-plane
ori enta ti on of m agneti c Ùeld, ˚ = 9 0 £ . Thi s indicates tha t the in-pl ane ori enta ti on
is the easy plane of m agneti zati on.

3. D iscu ssio n

The ani sotro py presented in Fi g. 2b can be described usi ng classical anal -
ysis wi thi n the form alism of anisotro py Ùelds [10, 11]. The resonance frequency,
! , is given by second deri vati ves of magneti c free energy U over the spheri cal
coordi nates of the m agneti zati on vecto r

!

Û
=

1

M sin ˚

"
@

(1)

Here | gyro m agneti c rati o. Values of azimutha l, , and polar angles should
sati sfy the condi ti on of ful l energy m inim a . The energy of
spi n system , , can be appro xi m ated by the expression

cos cos sin sin cos

cos sin sin sin sin (2)

where stands for the magni tude, whi le and for the azim utha l and the
orbi tal angle of appl ied m agneti c Ùeld. Fi rst term corresponds to the Zeeman
energy, second reÛects the shape ani sotro py caused by m agneti c di pole{ dipole
intera cti on, thi rd describes the axi al ani sotro py caused by the layer stra in, and
the last term corresp onds to the cubi c anisotro py. and are axi al and cubi c
ani sotro py energies.

The dash-dot l ine in Fi g. 2a has been plotted for the Ùtti ng values of the
axi al and the cubi c ani sotro py Ùelds Gs and

Gs, respecti vely. For the dem agneti zati on Ùeld has
been estimated to be Gs. Both anisotro py Ùelds vary from sampl e
to sam ple. Genera lly, however, the axi al anisotro py dom inates over the cubi c one
and vari es in the range 300 Gs to 1 kG s.

The classical analysis of the anisotro py presented above is sim pl iÙed and does
not reÛect al l deta ils and peculiari ti es of the m agneti c ani sotro py of Ga Mn As.
D etai led m easurements of the m agneti c rem anent m agneti zati on [12] and of the
m agneti c resonance [13] show tha t an ani sotro py term corresp ondi ng to the ani so-
tro py of a symm etry lower tha n tetra gonal should be addi ti onally considered.

The evaluated value of well conÙrms tha t the precessing mom ent
is a vecto r sum of Mn spins, characteri zed by , and of the hole spi n wi th a
smal ler - factor. Our observati on of the low frequency m ode of the f errim agneti c
resonance pro ves tha t both subsystem s are ordered and stro ngly coupl ed to each
other [9].
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Fig. 3. (a) Disp ersi on dependence of spin w aves. (b) 9. 44 GH z resonance spectra ob-

tained at T = 2 K in normal conÙguration. A complex w ave structure corresp onds to

the SW resonance. N umb ers indica te the positions of the consecutive spin wa ves.

The ferri m agneti c resonance is accom pani ed by wel l resolved spin-wave reso-
nances. The SW structure is shown in Fi gs. 2b and 3b. Simil ar SW structures have
al ready been observed [13{ 17]. Previ ous reports underscore a peculiari ty of the ob-
served SW structure. In thi s paper we present a new concept of the interpreta ti on
of the SW structure. W e assume tha t the exchange intera cti on is described by a
Gaussian functi on of the exchange range. The dependence can be param etri zed
by two phenomenological quanti ti es: the range of intera cti on, ¥ , and the f orce of
the exchange coupl ing J 0 . The theo reti cal ly calcula ted SW dispersion is shown in
Fi g. 3 by the sol id curve. An excel lent Ùt of SW dispersion wa s obta ined. The
shi ft of the SW resonance Ùeld, H n À H 0 , di rectl y rela ted to the energy of SW,
E n , is pl otted as -vecto r of SW , . The index corresponds
to the num ber of hal f wa ve length of the standi ng wa ve resonati ng between the
layer wa lls. The broad l ine whi ch is observed at low magneti c Ùeld corresponds to
the satura ti on of the SW dispersion and is equal to the doubl e value of the to ta l
exchange Ùeld acti ng on a m ean Mn spin, , where is the
num ber of Mn spins wi thi n the sphere of the radius . The length of exchange
intera cti on can be di rectl y evaluated from the vecto r corresp ondi ng to the
occurrenc e of SW energy satura ti on, 1 .

The values of the obta ined param eters are rather surpri sing. The to ta l ex-
change Ùeld acti ng from Mn spins is B K. It is by two
orders of m agni tude smal ler as com pared to the cri ti cal tem perature, 35 K.
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Thi s com pari son shows tha t the Zener Ùeld but not the Hei senberg Mn{ Mn in-
tera cti on is the dom inant origin of m agneti c order in Ga1 À x Mn x As. Zener Ùeld
induces the magneti c order, but does not a˜ect the SW propagati on, whi ch is
rul ed by the exchange coupl ing wi th neighbori ng spins only. Al so the evaluated
range of the exchange intera cti on is very long, ¥ ¤ 2 5 nm . W e relate i t to a small
concentra ti on of the spi n m inori t y holes.
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