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We compare the results of electrically detected magnetic resonance in
a 2D electron gas in Si/SiGe quantum wells with transport and magnetic
resonance measurements on ferromagnetic Gai_,Mn,As. The results lead us
to the conclusion that observation of electrically detected magnetic resonance
is possible only in the case of a slow spin relaxation, where the microwave
resonant absorption leads to a noticeable change of spin magnetization.

PACS numbers: 76.30.Pk, 72.25.Rb, 73.21.Fg

1. Introduction

Electrically detected magnetic resonance (EDMR) is one of the indirect
methods to measure electron spin resonance (ESR) by detecting a change in some
physical quantity induced by the magnetic resonance absorption. Very popular are
indirect detection schemes, like optically detected magnetic resonance which mon-
itors the change of photoluminescence caused by the magnetic resonance absorp-
tion. In the case of EDMR the change of electrical conductivity is monitored [1].
Two different methods are used. The electrical conductivity can be measured by a
standard method with two current- and two voltage-contacts. Here both de¢ and/or
ac voltages are used. Alternatively, also a contact-less method of the electrical
measurement can be applied [2]. In that case the change of the microwave absorp-
tion caused by an induced electrical current adds to the direct absorption due to
ESR. These two types of signals can be de-convoluted knowing the expected sig-
nal shapes and their dependence on experimental parameters, such as microwave
power and temperature. In the standard low frequency method, the conductivity
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and its changes can be easily evaluated but the presence of connecting wires in the
microwave cavity perturbs the microwave field. On the other hand, in the case of
contact-less EDMR, the absolute value of the conductivity is not known but the
microwave field is not perturbed. Therefore, EDMR, can be used to investigate
resonance saturation and thus to evaluate the spin relaxation rate.

A detailed understanding of the EDMR mechanism is of some importance
at present, because of possible applications in spintronic devices. More generally,
EDMR offers experimental advantages:

(i) a simple electrical measurement allows one to observe the magnetic reso-

nance,
(ii) the EDMR signal relates magnetic and electronic properties,
(iii) EDMR can be observed also in very small samples.

In this paper, we apply different EDMR methods for two types of samples.
We compare the ESR of high mobility electrons in 2d Si/SiGe quantum wells
and the ferrimagnetic resonance in semiconducting, magnetic (Ga,Mn)As layers.
In fact, an EDMR signal in (Ga,Mn)As has not been found in contrast to our
expectations, which were based on the fact that the dependence of the electric
conductivity on the sample magnetization can be easily observed. These investi-
gations allow us to formulate some general rules concerning the occurrence and
amplitude of EDMR signals.

2. Experimental results
2.1. Samples

Electrons in Si/SiGe quantum wells [2] are characterized by Pauli paramag-
netism and very weak spin—orbit coupling. The latter leads to low spin relaxation
rates. As a consequence, the spin polarization of the electron gas is small due to
degenerate carrier statistics, but it can be effectively changed under ESR condi-
tions. The weak spin—orbit coupling should also result in a weak dependence of the
electric conductivity on the spin polarization, but a clear dependence of conduc-
tivity on the layer magnetization is well evidenced by high field magnetoresistance
experiments and is confirmed by our observation of a big EDMR amplitude. This
dependence is caused by peculiar properties of a 2D metal [3].

In (GaMn)As alloys with a few percent of Mn, magnetic order with a crit-
ical temperature exceeding 100 K occurs [4, 5]. Magnetic resonance studies have
shown that in the semi-metallic range the observed resonance corresponds to the
low frequency mode of a ferrimagnetic resonance where the macroscopic magnetic
moment is built from the coupled spins of Mn?*+ (Sy, = 5/2) ions and the spins
of polarized holes [6]. The main contribution to the total magnetic moment comes
from the Mn spins which are characterized by the weak spin—orbit coupling. The
spin relaxation time of isolated Mn 1ons is very long. At low temperature it reaches
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milliseconds. However, the p—d coupling of Mn d-spins to the p-hole spins, which
causes spin splitting of the hole band and leads to magnetic ordering, also opens
an additional channel for fast spin relaxation of the Mn d-states.

A comparison of the low frequency magneto-resistance, microwave absorp-
tion, and the EDMR signal are shown in Fig. 1.
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Fig. 1. (a) Dependence of the electrical ac (71 Hz) conductivity of a (Ga,Mn)As layer
on the magnetic field. The dashed line stands for the field derivative of conductivity.
(b) Derivative spectrum of the microwave absorption in (Ga,Mn)As. The low field struc-
ture corresponds to the magnetoresistance caused by the “flip” of magnetization from
the easy in-plane orientation to the external magnetic field direction, applied along the
growth axis. A spin wave resonance is seen at higher fields. (c¢) Derivative of the mi-
crowave absorption of 2D electrons in a Si/SiGe quantum well. The broad structure
corresponds to the electric absorption at cyclotron resonance (CR). The inset to (c):
blow-up of the ESR range. The change of the absorption caused by ESR is by 7 orders

of magnitude smaller as compared to the CR absorption.

2.2. Low frequency conductivity

Data for the low frequency conductance of a (Ga,Mn)As layer are shown in
Fig. la as a function of the applied magnetic field. The low frequency conductivity
spectra were obtained at f = 71 Hz. The minimum at H = 1400 G corresponds
to the “spin flip” — reorientation of the magnetization. As it is known from the
analysis of the angular dependence of the magnetic resonance, at low fields the
magnetization lies in the film plane. With increasing perpendicular field (parallel
to the growth axis) the direction of the magnetization vector “flops” from in-plane
orientation and to nearly vertical, at H = 1400 G in this sample. This spin flop
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is well confirmed by the angular dependence of its position: if we tilt the mag-
netic field with respect to the growth direction then the spin-flip field increases as
expected theoretically.

The same structure related to the change of the direction of magnetic mo-
ment is also seen in Fig. 1b, where the derivative spectrum of the microwave
absorption is shown. The low field structure corresponds to the derivative of the
electrical conductivity as shown in Fig. la. Therefore we can conclude that this
structure reflects the magnetoresistance of the (Ga,Mn)As layer measured at a fre-
quency 9.44 GHz. The high field signal corresponds to a spin wave resonance [6, 7].

In Fig. 1lc and d, spectra are shown for 2D electrons in a Si/SiGe QW. In
contrast to the (Ga,Mn)As layer, no characteristic structure is observed in the
dc or low frequency conductivity on magnetic field [8]. The 9.44 GHz microwave
absorption shown in Fig. 1c is dominated, however, by the electrical absorption.
The observed structure reflects the derivative of cyclotron resonance absorption.
The cyclotron resonance is centered at 600 G, which corresponds to an effective
mass of m* = 0.19mg. The spin resonance is hardly seen at this scale. The inset
shows this spectrum with a higher resolution, where a sharp structure, related
to the ESR can be well recognized. A similar signal was also seen in dc EDMR
measurements [1].

We have not found any microwave induced EDMR signal in (Ga,Mn)As.
Neither the difference of conductivity with and without microwave power, nor the
field derivative of the ac conductivity under microwave radiation show any signal
which could be related to the magnetic resonance. This indicates that the observed
resonance shown in Fig. 1b originates from the magnetic dipole absorption only,
but not from an EDMR signal which is too small to be measured.

In dc EDMR measurements only the change in conductivity caused by mag-
netic resonance is monitored while the resonance signal of the microwave absorp-
tion is a superposition of the EDMR and magnetic dipole absorption. As it is
discussed below the contribution of the direct ESR signal and the indirect contri-
bution of EDMR to the microwave absorption can be distinguished by analyzing
the dependence of the signal amplitude on microwave power, P. In Fig. 2 the power
dependence of the microwave signal amplitude, normalized by P1/2 is presented.
For 2D electrons in Si/SiGe a complex dependence is observed. Only in the very
low power range the normalized amplitude is constant. Next it increases and the
amplitude is proportional to the P in an intermediate range. Finally, it saturates
and decreases at high P. The amplitude of the magnetic resonance in (Ga,Mn)As
is constant for the whole range of P. The weak decrease of the signal at the highest
power 1s caused by sample heating, but not by saturation effects.

3. Electrically detected magnetic resonance

In spite of the fact that the magnetic resonance absorption is well pronounced
and that the dependence of the sample conductivity on spin structure is well
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Fig. 2. Integrated amplitude of the resonance signal normalized by P'/2. The direct
magnetic resonance signal has a power independent amplitude in this kind of plot.
A linear increase in the signal amplitude is an indication of EDMR. The saturation of
signals at a high microwave power allows one to evaluate the longitudinal spin relaxation
rate, Ay

evidenced, no EDMR signal in (Ga,Mn)As was observed. To explain this puzzle
we try to model the EDMR signal and verify it by the experimental ESR data on
Si/SiGe. This system was investigated in detail in Ref. [2].

The amplitude of the EDMR signal, Igpmg, 18 proportional to the depen-
dence of the electrical conductivity, o, on spin polarization, 7 and on the change
of the spin polarization, Ang(P), caused by microwave resonance absorption under
microwave power, P. For small perturbation of the spin polarization, the EDMR,
signal amplitude is given by

Iepmr(P) o< (P, H) — o0, H) = 65(ns(P, H) — ns0), (1)
where 7sg = 15(0,0) and 6; = do/dns.

The derivative 8; = do/dns is a material parameter ruled by the influence of
spin—orbit coupling on the electrical conductivity. In both systems investigated this
parameter is not negligible. As it is shown in Fig. 1 for (Ga,Mn)As the relative
change of the electrical conductivity caused by the change of the direction of
magnetization is of the order of a few percent. The ratio 8;/o, however, is expected
to be much bigger since momentum scattering in ferromagnetic (Ga,Mn)As is
ruled by spin-flop processes, which lead to negative magnetoresistance [4]. The
spin-flop momentum relaxation is ruled by the Fermi surface of minority spins.
Therefore, the relative change of electric conductivity can be estimated to be close
to |8s/o| = 1. The negative magnetoresistance is also seen in Fig. 1, where the
resistance decreases in the high field range.

For 2D electrons in Si/SiGe QW our measurements do not allow to distin-
guish any noticeable change in magnetoresistance due to a change of spin polar-
ization. For our experimental conditions, where the applied field is of the order
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of a fraction of 1 Tesla, the spin splitting is at least by an order of magnitude
smaller than the Fermi energy. Consequently, the equilibrium magnetization is
much smaller than its saturation value. In that range of applied fields the Fermi
surfaces for both spin orientations are expected to be field independent. The high
field magnetoresistance measurements, however, show that the increase in the Pauli
magnetization towards its saturation value, where the minority spin subband is
not occupied, results in a step-like decrease in the conductivity by a factor of
2 [3]. Thus for the high mobility 2D electron gas in Si QW’s in the high magnetic
field range we expect é;/0 = 1 but for the low field range, corresponding to our
experimental conditions és/c < 1.

3.1. Spin polarization

The spin polarization under microwave radiation results from the balance
of the resonant absorption and spin relaxation. The absorption is proportional
to the microwave power and the imaginary part of the magnetic susceptibility,
X"(H) = xof(P, H). For the Lorentzian line shape function

1 1
T(1+p) 1+ £5
the steady state spin polarization 1s
o 1 + h2
n(p.h) = T Rz - (3)
I+ri+ig

Here h = (H — Hy)/AH is a dimension-less magnetic field, centered at the res-
onance field, Hy, and it is normalized by the linewidth, AH. We define also a
dimension-less microwave power, p = Hi/AH{AH, where H; is the microwave
magnetic field and AH; is the contribution to the linewidth caused by the longi-
tudinal relaxation of the magnetization. The latter is equal to the product of the
gyroscopic ratio, 7, and the longitudinal relaxation rate AH; = 77 .

Equation (3) shows that the change of the spin polarization at the center of
resonance (h = 0), proportional to the EDMR signal (see Eq. (1)), is described by

Tepmr o 1s(p, H) — nso = 1 ipﬁu (4)

For a small power, where p < 1, the change of the spin polarization is proportional
to P and it saturates when p — 1, i.e., the square of the microwave field, propor-
tional to the microwave power, approaches the condition P o« H? — AHAH.
In our cavity the microwave field is H; = 1 G at the maximum power of 0.2 W
(0 dB). The solid line in Fig. 2 is described by Eq. (4). The linear increase and the
saturation is well seen. Since the resonance linewidth, AH | is known from the di-
rect observation, the analysis of saturation allows one to evaluate the longitudinal
spin relaxation. The sharp decay of the signal amplitude at high power is caused
by the sample heating by the microwaves.
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3.2. Signals

The characteristic dependence on microwave power allows one to distinguish
the direct and the electrically detected magnetic resonance signal. The direct signal
(normalized, for the technical reasons, by Pl/z) 1s constant in contrast to the
EDMR signal which increases with P. As seen in Fig. 2, at very low P the EDMR
signal of 2D electrons in Si/SiGe QW becomes too small and only the direct signal
is observed.

The constant value of the magnetic resonance of (GaMn)As indicates that
the observed signal corresponds to the direct signal, caused by the magnetic dipole
absorption, and it has no contribution of an EDMR, signal. Moreover, the inde-
pendence of the signal on P indicates that the observed resonances cannot be
saturated at the available microwave power. The lack of the saturation of the
(GaMn)As signal allows one to estimate a lower limit of the longitudinal relax-
ation: 1 G < AH;.

On the other hand, since the contribution to the linewidth caused by the
longitudinal relaxation cannot exceed the observed linewidth, AH = AH;/2 +
AH; =220 G, we can conclude that 1 G < AH; < 40 G.

The longitudinal spin relaxation in (Ga,Mn)As is by 2 = 3 orders of mag-
nitude shorter as compared to the investigated high mobility 2D electrons in the
Si quantum well. Moreover, the resonance linewidth is by another 2 + 3 orders
of magnitude bigger in the case of (Ga,Mn)As. Together, the product AHAH
is by a factor of about 10* bigger, which means that the saturation of the spin
polarization occurs at a power which is by five orders of magnitude bigger. It
means also that at the same microwave power the change of the spin polarization,
ns(P, Ho) — ns0, is by a factor 10% smaller in the case of (Ga,Mn)As. Therefore, we
relate the lack of the EDMR signal in (Ga,Mn)As to the fast spin relaxation.

4. Conclusions

A comparison of the results of two very different materials leads us to the
following conclusions:

(i) the change of the electrical conductivity caused by resonance microwave
absorption (EDMR) is ruled by spin dependent electron scattering, propor-
tional to a change of spin polarization;

(ii) a pronounced EDMR signal can be expected when the spin polarization can
be effectively modified, i.e., when spin relaxation i1s slow as compared to
resonance absorption;

(iii) in contrast to classical magnetic resonance, the EDMR signal is indepen-
dent of the sample volume. Consequently, it can be also investigated in
nano-structures.
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