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W e compare the results of electr icall y detected ma gnetic resonance in
a 2D electron gas in Si /Si Ge quantum w ells w ith transp ort and magnetic

resonance measurements on ferromagnetic Ga 1 À x Mn x A s. T he results lead us
to the conclusi on that observation of electricall y detected magnetic resonance
is possibl e only in the case of a slow spin relaxatio n, w here the microw ave

resonant absorption leads to a noticeabl e change of spin magneti zation.

PACS numb ers: 76.30.Pk, 72.25.Rb, 73.21.Fg

1. I n t rod uct io n

El ectri cal ly detected magneti c resonance (E DM R) is one of the indi rect
m etho ds to m easure electron spin resonance (ESR ) by detecti ng a change in some
physi cal quanti ty induced by the magneti c resonance absorpti on. Very popul ar are
indi rect detecti on schemes, like optical ly detected magnetic resonance whi ch m on-
i to rs the change of photo lum inescence caused by the m agneti c resonance absorp-
ti on. In the case of ED MR the change of electri cal conducti vi ty is moni to red [1].
Two di ˜erent m etho ds are used. The electri cal conducti vi ty can be m easured by a
standard m etho d wi th tw o current- and two vol ta ge-conta cts. Here both dc and/ or
ac vo lta ges are used. Al terna ti vel y, also a conta ct- less metho d of the electri cal
m easurement can be appl ied [2]. In tha t case the change of the microwave absorp-
ti on caused by an induced electri cal current adds to the di rect absorpti on due to
ESR . These two typ es of signals can be de-convo luted kno wi ng the expected sig-
nal shapes and thei r dependence on experim enta l param eters, such as microwave
power and tem perature. In the standard low frequency m etho d, the conducti vi ty
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and i ts changes can be easily evaluated but the presence of connecti ng wi res in the
m icrowave cavi ty perturbs the m icrowave Ùeld. On the other hand, in the case of
conta ct- less ED MR the absolute value of the conducti vi ty is not kno wn but the
m icrowave Ùeld is not perturb ed. Theref ore, ED MR can be used to inv estigate
resonance satura ti on and thus to evaluate the spin relaxa ti on rate.

A deta iled understa ndi ng of the ED MR mechani sm is of som e im porta nce
at present, because of possibl e appl icati ons in spintro nic devi ces. Mo re general ly,
ED MR o˜ers experim enta l advanta ges:

(i ) a sim ple electri cal m easurement al lows one to observe the m agneti c reso-
nance,

(i i ) the ED MR signal relates magneti c and electroni c pro perti es,

(i i i ) ED MR can be observed also in very smal l sam ples.

In thi s paper, we apply di ˜erent ED MR m etho ds for two typ es of sam ples.
W e com pare the ESR of hi gh mobi l it y electrons in 2 d Si/ SiGe quantum wells
and the ferri m agneti c resonance in semiconducti ng, m agneti c (G a,Mn)As layers.
In fact, an ED MR signal in (Ga,Mn)As has not been found in contra st to our
exp ectati ons, whi ch were based on the fact tha t the dependence of the electri c
conducti vi ty on the sam ple m agneti zati on can be easily observed. These inv esti -
gati ons al low us to form ulate som e general rul es concerni ng the occurrence and
am pl i tude of ED MR signals.

2 . Ex p er im ent al r esu l ts

2.1. Samples

El ectrons in Si / SiGe quantum wel ls [2] are characteri zed by Paul i param ag-
neti sm and very weak spin{ orbi t coupl ing. The latter leads to low spin relaxa ti on
rates. As a consequence, the spi n polarizati on of the electron gas is smal l due to
degenerate carri er sta ti sti cs, but i t can be e˜ecti vel y changed under ESR condi -
ti ons. The weak spin{ orbi t coupl ing shoul d also resul t in a weak dependence of the
electri c conducti vi ty on the spi n polari zati on, but a cl ear dependence of conduc-
ti vi ty on the layer m agneti zati on is wel l evi denced by high Ùeld m agneto resistance
exp eriments and is conÙrmed by our observati on of a big ED MR am pl itude. Thi s
dependence is caused by peculiar properti es of a 2D m etal [3].

In (G aMn)As al loys wi th a few percent of Mn, m agneti c order wi th a cri t-
ical tem perature exceeding 100 K occurs [4, 5]. Ma gneti c resonance studi es have
shown tha t in the semi-metal l ic range the observed resonance corresp onds to the
low frequency m ode of a ferri magneti c resonance where the macro scopic m agneti c
m oment is bui l t from the coupl ed spi ns of Mn 2 + (S M n = 5=2) ions and the spins
of polari zed holes [6]. The m ain contri buti on to the to tal m agneti c m om ent com es
from the Mn spins whi ch are characteri zed by the weak spin{ orbi t coupl ing. The
spi n relaxati on ti me of isolated Mn ions is very long. At low tem perature i t reaches
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m i l liseconds. However, the p À d coupl ing of Mn d -spins to the p -hole spins, whi ch
causes spi n spl i tti ng of the hole band and leads to magneti c orderi ng, also opens
an addi ti onal channel for fast spin relaxati on of the Mn d -sta tes.

A com pari son of the low frequency m agneto -resistance, microwave absorp-
ti on, and the ED MR signal are shown in Fi g. 1.

Fig. 1. (a) Dep endence of the electrical ac (71 H z) conductivity of a (Ga, Mn)A s layer

on the magnetic Ùeld. T he dashed line stands for the Ùeld deriv ative of conductiv ity .

(b) Deriv ative spectrum of the microw a ve absorption in (Ga, Mn)A s. T he low Ùeld struc -

ture corresp onds to the magnetoresistan ce caused by the \ Ûip " of magnetization from

the easy in-plane orientation to the external magnetic Ùeld direction , applied along the

grow th axis. A spin w ave resonance is seen at higher Ùelds. (c) Deriv ative of the mi-

crow ave absorption of 2D electrons in a Si/SiGe quantum well. The broad structure

corresp onds to the electric absorption at cyclotron resonance (C R). The inset to (c):

blow -up of the ESR range. T he change of the absorption caused by ESR is by 7 orders

of magnitude smaller as compared to the C R absorptio n.

2.2. Low frequency conduct ivi ty

D ata for the low frequency conducta nce of a (Ga,Mn)As layer are shown in
Fi g. 1a as a f uncti on of the appl ied magneti c Ùeld. The low frequency conducti vi ty
spectra were obta ined at f = 7 1 Hz. The minimum at H = 1 4 0 0 G corresponds
to the \ spi n Ûip" | reori enta ti on of the magneti zati on. As i t is kno wn from the
analysis of the angular dependence of the m agneti c resonance, at low Ùelds the
m agneti zati on l ies in the Ùlm plane. W i th increasing perpendicular Ùeld (para l lel
to the growth axi s) the di recti on of the m agneti zati on vector \ Ûops" from in-plane
ori enta ti on and to nearl y verti cal , at H = 1 4 0 0 G in thi s sam ple. Thi s spin Ûop
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is wel l conÙrmed by the angular dependence of its positi on: i f we ti l t the m ag-
neti c Ùeld wi th respect to the growth di recti on then the spin-Ûip Ùeld increases as
exp ected theo reti cal ly.

The sam e structure related to the change of the di recti on of m agneti c m o-
m ent is a lso seen in Fi g. 1b, where the deri vati v e spectrum of the microwave
absorpti on is shown. The low Ùeld structure corresp onds to the deri vati ve of the
electri cal conducti vi ty as shown in Fi g. 1a. Theref ore we can concl ude tha t thi s
structure reÛects the m agneto resistance of the (G a,Mn)As layer m easured at a fre-
quency 9.44 GHz. The high Ùeld signal corresp onds to a spin wa veresonance [6, 7].

In Fi g. 1c and d, spectra are shown for 2D electro ns in a Si/ SiGe QW . In
contra st to the (Ga,Mn)As layer, no characteri stic structure is observed in the
dc or low frequency conducti vi ty on magneti c Ùeld [8]. The 9.44 GHz microwave
absorpti on shown in Fi g. 1c is dom inated, however, by the electri cal absorpti on.
The observed structure reÛects the deri vati ve of cycl otro n resonance absorpti on.
The cycl otro n resonance is centered at 600 G, whi ch corresponds to an e˜ecti ve
m ass of m Ê = 0 : 1 9 m 0 . The spin resonance is hardl y seen at thi s scale. The inset
shows thi s spectrum wi th a higher resoluti on, where a sharp structure, related
to the ESR can be well recogni zed. A sim i lar signal was also seen in dc ED MR
m easurements [1].

W e have not f ound any m icrowave induced ED MR signal in (G a,Mn)As.
Nei ther the di ˜erence of conducti vi ty wi th and wi tho ut m icro wave power, nor the
Ùeld deriv ati ve of the ac conducti vi ty under m icrowave radiati on show any signal
whi ch could be related to the m agneti c resonance. Thi s indi cates tha t the observed
resonance shown in Fi g. 1b ori ginates from the magneti c di pole absorpti on onl y,
but not from an ED MR signal whi ch is to o small to be m easured.

In dc ED MR m easurements only the change in conducti vi ty caused by m ag-
neti c resonance is m oni to red whi le the resonance signal of the m icrowave absorp-
ti on is a superpositi on of the ED MR and magneti c dipole absorpti on. As i t is
di scussed below the contri buti on of the di rect ESR signal and the indi rect contri -
buti on of ED MR to the microwave absorpti on can be disti ngui shed by analyzing
the dependence of the signal am pl itude on m icrowavepower, P . In Fi g. 2 the power
dependence of the m icrowave signal ampl i tude, norm al ized by P 1 = 2 , is presented.
For 2D electrons in Si / SiGe a compl ex dependence is observed. Onl y in the very
low power range the norm al ized am pl i tude is constant. Next i t increases and the
am pl i tude is proporti onal to the P in an interm ediate range. Fi nal ly, i t satura tes
and decreases at high P . The am pl i tude of the m agneti c resonance in (G a,Mn)As
is constant for the who le range of P . The weak decrease of the signal at the highest
power is caused by sam ple heati ng, but not by satura ti on e˜ects.

3 . El ect r i cal l y det ect ed m agn et i c r esonan ce

In spite of the fact tha t the magneti c resonance absorpti on is wel l pro nounced
and tha t the dependence of the sam ple conducti vi ty on spi n structure is well
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Fig. 2. Integrated amplitude of the resonance signal normali zed by P
1 = 2 . T he direct

magnetic resonance signal has a power indep endent amplitude in this kind of plot.

A linear increase in the signal amplitude is an indica tion of EDMR. T he saturation of

signals at a high microw ave power allow s one to evaluate the longitudi na l spin relaxatio n

rate, Â 1 .

evi denced, no ED MR signal in (G a,Mn)As was observed. T o expl a in thi s puzzle
we try to m odel the ED MR signal and veri fy i t by the exp erimenta l ESR data on
Si / SiGe. Thi s system was inv estigated in deta i l in R ef. [2].

The am pl i tude of the ED MR signal , I E DM R , is proporti onal to the depen-
dence of the electri cal conducti vi ty , ¥ , on spin polarizati on, ² s and on the change
of the spi n polarizati on, Â ² s( P ) , caused by microwaveresonance absorpti on under
m icrowave power, P . For smal l perturba ti on of the spi n polari zati on, the ED MR
signal ampl i tude is given by

I EDM R (P ) / ¥ ( P ; H ) À ¥ (0 ; H ) ¿= £ s( ² s ( P ; H ) À ² s0 ) ; (1)

where ² s0 = ² s ( 0; 0) and £s ² d¥ =d² s .
The deri vati ve £s ² d¥ =d² s i s a materi al param eter rul ed by the inÛuence of

spi n{ orbi t coupl ing on the electri cal conducti vi ty . In both system s inv estigated thi s
parameter is not negl ig ibl e. As i t is shown in Fi g. 1 for (G a,Mn)As the relati ve
change of the electri cal conducti vi ty caused by the change of the di recti on of
m agneti zati on is of the order of a few percent. The rati o £ s=¥ , however, is expected
to be m uch bi gger since mom entum scatteri ng in ferrom agneti c (G a,Mn)As is
rul ed by spin-Ûop processes, whi ch lead to negati ve m agnetoresistance [4]. The
spi n-Ûop momentum relaxati on is rul ed by the Ferm i surf ace of minori ty spi ns.
Theref ore, the relati ve change of electri c conducti vi ty can be estim ated to be close
to £ s=¥ = 1. The negati ve magneto resistance is also seen in Fi g. 1, where the
resistance decreases in the high Ùeld range.

For 2D electrons in Si/ SiGe QW our m easurements do not al low to disti n-
gui sh any noti ceabl e change in magnetoresistance due to a change of spin polar-
izati on. For our experim enta l condi ti ons, where the appl ied Ùeld is of the order
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of a fracti on of 1 T esla, the spin spli tti ng is at least by an order of magni tude
smal ler tha n the Ferm i energy. Consequentl y, the equi libri um magneti zati on is
m uch smal ler tha n i ts satura ti on value. In tha t range of appl ied Ùelds the Fermi
surf aces for both spin ori enta ti ons are expected to be Ùeld independent. The high
Ùeld m agnetoresistance m easurements, however, show tha t the increase in the Paul i
m agneti zati on to wards i ts satura ti on value, where the m inori t y spi n subba nd is
not occupied, results in a step-l ike decrease in the conducti vi ty by a factor of
2 [3]. Thus for the hi gh m obi l it y 2D electron gas in Si QW ' s in the hi gh m agneti c
Ùeld range we expect £ s=¥ ¿= 1 but for the low Ùeld range, corresp ondi ng to our
exp erimenta l condi ti ons £s =¥ § 1.

3.1. Spin polar i zation

The spin polari zati on under m icrowave radi ati on results from the balance
of the resonant absorpti on and spin relaxa ti on. The absorpti on is proporti onal
to the microwave power and the imaginary part of the m agneti c susceptibi l i ty ,
â 00 (H ) = â 0 f ( P ; H ). For the Lorentzi an l ine shape functi on

f ( p: h ) =
1

¤ (1 + p )

1

1 + h 2

1 + p

; (2)

the steady state spin polari zati on is

² (p: h ) =
² 0

1 + p

1 + h 2

1 + h 2

1 + p

: (3)

Here h = ( H À H 0 ) =Â H is a dim ension- less m agneti c Ùeld, centered at the res-
onance Ùeld, H 0 , and i t is norm al ized by the l inewi dth, Â H . W e deÙne also a
di mension- less microwave power, p = H 2

1 =Â H 1 Â H , where H 1 i s the microwave
m agneti c Ùeld and Â H 1 i s the contri buti on to the l inewidth caused by the longi -
tudi na l relaxati on of the m agneti zati on. The latter is equal to the pro duct of the
gyro scopic rati o, Û , and the longi tudi na l relaxa ti on rate Â H 1 = ÛT À 1

1 .
Equa ti on (3) shows tha t the change of the spin polari zati on at the center of

resonance (h = 0 ), pro porti onal to the ED MR signal (see Eq. (1)), is described by

I EDM R / ² s (p; H ) À ² s0 =
p

1 + p
² 0 : (4)

For a small power, where p 1 , the change of the spi n polari zati on is proporti onal
to P and i t satura tes when p 1 , i .e., the square of the microwave Ùeld, pro por-
ti onal to the m icrowave power, appro aches the condi ti on P H 2

1
Â H 1 Â H .

In our cavi ty the microwave Ùeld is H 1 = 1 G at the maxi mum power of 0.2 W
(0 dB). The sol id l ine in Fi g. 2 is described by Eq. (4). The l inear increase and the
satura ti on is well seen. Since the resonance l inewi dth, Â H , is kno wn f rom the di -
rect observati on, the analysis of satura ti on al lows one to evaluate the longi tudi nal
spi n relaxati on. The sharp decay of the signal ampl itude at high power is caused
by the sam ple heati ng by the m icrowaves.
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3.2. Signals

The characteri sti c dependence on m icro wave power al lows one to distinguish
the di rect and the electri cal ly detected magneti c resonance signal . The di rect signal
(no rm al ized, for the techni cal reasons, by P 1 = 2 ) is constant in contra st to the
ED MR signal whi ch increases wi th P . As seen in Fi g. 2, at very low P the ED MR
signal of 2D electrons in Si / SiGe QW becom es to o smal l and onl y the di rect signal
is observed.

The constant value of the m agneti c resonance of (G aMn)As indi cates tha t
the observed signal corresp onds to the di rect signal , caused by the m agneti c di pole
absorpti on, and i t has no contri buti on of an ED MR signal . Mo reover, the inde-
pendence of the signal on P indi cates tha t the observed resonances cannot be
satura ted at the avai lable m icrowave power. The lack of the satura ti on of the
(G aMn)As signal al lows one to estimate a lower l im it of the longi tudi na l relax-
ati on: 1 G < Â H 1 .

On the other hand, since the contri buti on to the l inewi dth caused by the
longi tudi na l relaxati on cannot exceed the observed l inewi dth, Â H = Â H 1 =2 +

Â H 2
¿= 2 0 G, we can concl ude tha t 1 G < Â H 1 < 4 0 G.
The longi tudi nal spin relaxa ti on in (G a,Mn)As is by 2 Ë 3 orders of m ag-

ni tude shorter as compared to the investigated hi gh m obi lit y 2D electro ns in the
Si quantum well . Mo reover, the resonance linewi dth is by another 2 Ë 3 orders
of magni tude bigger in the case of (G a,Mn)As. Together, the pro duct Â H 1 Â H

i s by a factor of about 1 0 4 bi gger, whi ch means tha t the satura ti on of the spin
polari zati on occurs at a power whi ch is by Ùve orders of magni tude bi gger. It
m eans also tha t at the same microwave power the change of the spi n polari zati on,
² s( P ; H 0 ) À ² s 0 , is by a factor 1 0 4 smal ler in the case of (G a,Mn)As. Theref ore, we
relate the lack of the ED MR signal in (G a,Mn)As to the f ast spin rel axati on.

4. Co n cl usion s

A com pari son of the results of two very di ˜erent m ateri als leads us to the
fol lowi ng concl usions:

(i ) the change of the electri cal conducti vi ty caused by resonance microwave
absorpti on (ED MR ) is rul ed by spi n dependent electron scatteri ng, pro por-
ti onal to a change of spin polari zati on;

(i i ) a pro nounced ED MR signal can be expected when the spin polarizati on can
be e˜ecti vely m odiÙed, i .e., when spi n relaxati on is slow as com pared to
resonance absorpti on;

(i i i ) in contra st to classical m agneti c resonance, the ED MR signal is indepen-
dent of the sam ple vo lum e. Co nsequentl y, i t can be also inv estigated in
nano-structures.
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