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Different types of magnetic resonance observed in Gaj—_;Mn;As reflect
three different magnetic phases: para-, ferro-, and ferrimagnetic. Ferromag-
net is characterized by single isotropic resonance line. A complex spectrum
in ferrimagnet can be described by g factor equal to 1.44 and a sum of an
axial and cubic anisotropy field. The axial field is by an order of magnitude
greater than the cubic one. The complex structure of ferrimagnetic resonance
is attributed to spin-wave resonance. Quantitative analysis of the dispersion
of spin wave shows that the range of exchange coupling is very long, of the
order of 25 nm, while spin-wave stiffness and the total exchange field are
very small. The exchange field as evaluated from spin wave is by two or-
ders of magnitude smaller than the Zener field corresponding to the critical
temperature.

PACS numbers: 71.55.Eq, 76.30.Fc, 75.50.Pp, 75.30.Gw

1. Introduction

GaMnAs is a classical semiconductor, where Mn impurities play the role
of acceptors. The Mn?*t ions have well localized S = 5/2 spins and the ionized
holes are characterized by the magnetic moment j = 3/2. In diluted magnetic
Gaj_,Mn,As free carriers play the basic role in occurrence of the ferromagnetism:
they mediate the exchange between localized Mn spins [1-3]. The occurrence of
an ordered magnetic phase of Gaj_,Mn,As has been well proven. The critical
temperature exceeds 110 K.
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2. Results

Magnetic resonance technique allows to clarify some details of spin inter-
actions and to distinguish various magnetic structures. Para-, ferro-, and ferri-
magnetic spectra of Gaj_,Mn,As were obtained for different Mn concentrations.
Figure 1 shows critical temperatures obtained from the analysis of temperature
dependence of resonance amplitude as a function of z, different symbols corre-
sponding to different magnetic phases. For low Mn concentration, < 0.01, the
paramagnetic resonance is observed. For < 0.002 well resolved fine and hyperfine
structures prove that there is no correlation of precession of individual Mn spins
[4]. An increase in Mn concentration leads to exchange narrowing of structures
and a single isotropic resonance line is observed.
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Fig. 1. The dependence of the critical temperature, evaluated from magnetic resonance
studies, on Mn concentration, z. Full and open circles correspond to ferromagnetic and

ferrimagnetic samples, respectively.

At larger Mn concentration Gaj_,Mn,As exhibits ferromagnetic properties.
There is no evident change of the character of resonance: a single isotropic line
with ¢ factor very close to 2 is observed. The only difference is the behavior
of the temperature dependence of the resonance amplitude. The ferromagnetic
phase observed in the Mn concentration range 0.01 < z < 0.03 coincides with the
occurrence of the phase of the Mott insulator. The shift of ferromagnetic resonance
is due to the sample demagnetization and is weak [5] because of small sample
magnetization for diluted systems. On the other hand, the mean p—d exchange
field, so-called Zener field [2] or Knight shift, caused by spin polarized holes is
expected to be very large, of the order of many tesla. The fact that this shift is
not observed can be related to strong disorder in insulating samples. The resulting
spin relaxation of hole spins is very fast, much faster than the Larmor frequency,
and the direction of the hole polarization follows the direction of magnetic moment
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of Mn spins, M. In such a case, p—d field being parallel to M does not affect its
precession frequency [6, 7].

The insulator to metal transition occurring at & = 0.03 is followed by
a change of the magnetic structure. For metallic phase occurring in the range
0.03 < z < 0.07 a ferrimagnetic resonance is observed. Moreover, reentrance to
insulating phase at & &~ 0.07 is accompanied by the reentrance to ferromagnetic
phase. This coincidence shows the dependence of magnetic structure on electrical
phase.

An example of the angular dependence of ferrimagnetic resonance spectra is
shown in Fig. 2. The structure in Fig. 2b originates from spin-wave (SW) reso-
nances. The high field edge of SW structure corresponds to the uniform mode of
the ferrimagnetic resonance [8, 9]. The dependence of the resonance field Hg of
the direction of applied magnetic field, @, is plotted as squares in Fig. 2. Hqy for
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Fig. 2. (a) The dependence of resonance position as a function of angle between the
direction of applied magnetic field and normal to the film plane, 8. Squares correspond
to uniform mode of magnetic resonance, Hy. Circles stand for the low field limit of SW
structure, H, which is seen as a broad line. Dashed-dot line presents the fitted angular
dependence. (b) Resonance spectra measured for different orientations of applied mag-
netic field.
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the perpendicular orientation, # = 0, is higher by 3 kGs than for the in-plane
orientation of magnetic field, § = 90°. This indicates that the in-plane orientation
is the easy plane of magnetization.

3. Discussion

The anisotropy presented in Fig. 2b can be described using classical anal-
ysis within the formalism of anisotropy fields [10, 11]. The resonance frequency,
w, 18 given by second derivatives of magnetic free energy U over the spherical
coordinates of the magnetization vector
1/2
w o 1
? " Msinf

9°U U ( oU )2

907 dp?  \ 900y (1)

Here v — gyromagnetic ratio. Values of azimuthal, ¢, and polar § angles should
satisfy the condition of full energy minima 0U/36 = 0U/d¢ = 0. The energy of
spin system, U, can be approximated by the expression

U=—MH][cost coslp + sinf sin g cos(¢ — ¢m)]
—47M cos0 + Kosin” 6 + %[(4(Siﬂ2 260 + sin? 0 sin” 2¢), (2)

where H stands for the magnitude, while ¢ and 8y for the azimuthal and the
orbital angle of applied magnetic field. First term corresponds to the Zeeman
energy, second reflects the shape anisotropy caused by magnetic dipole—dipole
interaction, third describes the axial anisotropy caused by the layer strain, and
the last term corresponds to the cubic anisotropy. K» and K4 are axial and cubic
anisotropy energies.

The dash-dot line in Fig. 2a has been plotted for the fitting values of the
axial and the cubic anisotropy fields Haz = K2/M = (=700 + 10) Gs and Haq =
K4/M = (=4 £ 2) Gs, respectively. For # = 0.07 the demagnetization field has
been estimated to be 4mM =~ 290 Gs. Both anisotropy fields vary from sample
to sample. Generally, however, the axial anisotropy dominates over the cubic one
and varies in the range 300 Gs to 1 kGs.

The classical analysis of the anisotropy presented above is simplified and does
not reflect all details and peculiarities of the magnetic anisotropy of Gaj_;MngAs.
Detailed measurements of the magnetic remanent magnetization [12] and of the
magnetic resonance [13] show that an anisotropy term corresponding to the aniso-
tropy of a symmetry lower than tetragonal should be additionally considered.

The evaluated value of ¢ = 1.44 well confirms that the precessing moment
is a vector sum of Mn spins, characterized by ¢ = 2, and of the hole spin with a
smaller g-factor. Our observation of the low frequency mode of the ferrimagnetic
resonance proves that both subsystems are ordered and strongly coupled to each

other [9].
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Fig. 3. (a) Dispersion dependence of spin waves. (b) 9.44 GHz resonance spectra ob-
tained at 7' = 2 K in normal configuration. A complex wave structure corresponds to

the SW resonance. Numbers indicate the positions of the consecutive spin waves.

The ferrimagnetic resonance is accompanied by well resolved spin-wave reso-
nances. The SW structure is shown in Figs. 2b and 3b. Similar SW structures have
already been observed [13—17]. Previous reports underscore a peculiarity of the ob-
served SW structure. In this paper we present a new concept of the interpretation
of the SW structure. We assume that the exchange interaction is described by a
Gaussian function of the exchange range. The dependence can be parametrized
by two phenomenological quantities: the range of interaction, o, and the force of
the exchange coupling Jy. The theoretically calculated SW dispersion is shown in
Fig. 3 by the solid curve. An excellent fit of SW dispersion was obtained. The
shift of the SW resonance field, H,—Hy, directly related to the energy of SW,
Fsw = gpus(Ho— Hy), is plotted as ¢-vector of SW, qsw. The index n corresponds
to the number of half wave length of the standing wave resonating between the
layer walls. The broad line which is observed at low magnetic field corresponds to
the saturation of the SW dispersion and is equal to the double value of the total
exchange field acting on a mean Mn spin, Hy — Ho = 2Jo2/gpun, where z is the
number of Mn spins within the sphere of the radius o. The length of exchange
interaction can be directly evaluated from the gsw vector corresponding to the
occurrence of SW energy saturation, gsw = 1/0.

4. Conclusions

The values of the obtained parameters are rather surprising. The total ex-
change field acting from » = 0.26 x 10% Mn spins is zJo/kp = 0.29 K. It is by two
orders of magnitude smaller as compared to the critical temperature, T. = 35 K.
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This comparison shows that the Zener field but not the Heisenberg Mn—Mn in-
teraction is the dominant origin of magnetic order in Ga;_,Mn,As. Zener field
induces the magnetic order, but does not affect the SW propagation, which is
ruled by the exchange coupling with neighboring spins only. Also the evaluated
range of the exchange interaction is very long, ¢ & 25 nm. We relate it to a small
concentration of the spin minority holes.
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