PHYSICAL REVIEW B VOLUME 59, NUMBER 19 15 MAY 1999-I

Spin exchange between a quantum well and the donor layer in Si/Si,C,
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Electron-spin-resonand&SR data from modulation-doped SifSi,C, heterostructures are reported. The
experiments at high ESR frequen(§4 GH2 and corresponding high magnetic fidlgl.5 T) enabled us to
separate the ESR of the conduction electrons in the quantum well from the ESR of the phosphorous donors in
the doping layer. At temperatures above R a thermally activated electron-exchange process between the
quantum well and the donor layer is observed. The effective activation energy of this proseiseV. The
g factors of the conduction electrons and of the P donors were determined with high absolute accuracy.
[S0163-182699)02319-X

I. INTRODUCTION sensitivity of ESR to dynamic electron/spin exchange. A pre-
requisite of such experiments is the ability to do ESR at high
Two-dimensional electron gd@DEG) systems are of in- fields (and high frequencig®n rather large, thin, conducting

creasing importance in semiconductor physics and in technemiconductor samples. Since commercial ESR resonators at
cal applications. Due to the confinement of the electrons P4 GHz cannot even accommodate these samples and are not
one dimension and due to the possible lattice strain, the ele@pPtimized for conducting samples anyhow, the construction
tronic band structure is considerably different from the band®f & suitable probehead was the basis for the experiments.
structure of the bulk material. This has direct effects on propjl'his is discussed in more detail in the experimental section.
erties like the electronic bandgap, the effective masses of the
charge/spin carriers, and the electronic factors. The Il. SAMPLE
Si/Si,_,C, material system has become available only
recently’™ and is particularly suited for electron-spin- ~ The main property of the sample is the existence of a
resonaanESF{) investigationsl due to small hyperfine cou- two-dimensional electron gas that is achieved by a multi-
plings and smallg-factor deviations from the free-electron layer structure grown on a0.5-mm thick Si wafer: The
value. Direct ESR investigations of the quantized electrongluantum well is formed in a 6-nm thick 3jdCo 01 layer,
in 2DEG’s are complementary to electrical transport and opSandwiched between two 3-nm thick Si spacer layers. The
tical experiments. In a first ESR investigation of the 2DEG in€lectrons are supplied by a 6-nm thick Si layer doped with P
the Si/Si_,C, systenf we were able to analyze the ESR (4-10'® cm™3, areal density 2.410'" cm™?). This layer
intensity in terms of contributions both from the quantumsequence is repeated 10 times in our sample to increase the
well and from the Si:P donor layer. However, a direct specsignal strength. Due to the different lattice constants, the
tral resolution of the two spin systems was not possible s®i1-xCx layer is under strong tensile biaxial strain, which
far, since the difference in the resonance positions waleads to a massive deformation of the bandstructure of this
smaller than the resonance linewidth. Even with a goodvhole Si/Si_,C, heterostructure. The two conduction band
signal-to-noise ratio of the ESR signal, a deconvolution intoA valleys in the growth direction are lowered in energy, and
two contributions is numerically unstable. In this contribu-the band offset for the electrons is of the order of 50 meV for
tion we show that doing the ESR experiments at high fielaevery percent C alloyed into the Si.

(B~35 T, f,,~94 GHz, W-banil yields decisive advan- The electrons for the quantum well are supplied from the
tages. P-donor layers. Assuming a bandstructure of the P-induced
The two spin system&uantum well, P-doping laypare  impurity band according to calculatiofisand an energy

clearly resolved in resonance position, due to the differenc@osition of E;~7 meV for the first subband6-nm well
in the respective factors. There is direct experimental evi- width, mf=0.19 my, m¥ =0.92 mp), we arrive at an en-
dence of a coupling between these two spin systems. ES&gy diagram as shown in Fig. 1. At=0 K, approximately
offers the rather unique property to investigate these dy65% of the electrons are in the quantum well, and the Fermi
namic exchange processes in a time window that is both toenergy is—32 meV (measured from the conduction band
fast for electrical transport investigations and too slow foredge. The quantum well is filled with a concentration
optical experiments. =1.56 10'2 cm 2. The spatial separation of the two sys-
In this contribution we will concentrate on this specific tems is only=~3 nm, and the spin systems are coupled by
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FIG. 2. X-band ESR spectrurh,,,=9.365707 GHz. Field off-
FIG. 1. Energy-band diagram of the SiSjC, quantum-well  set: 335.136 mT; temperature: 6.0 K; power: 52 mW; model used
sample. The density of staté30S) is depicted in relative units for for fit: two Lorentzian lineshapes without dispersion contribution.
the quantum well and for the Si:P donor layer. W-band ESR spectrurfy,,,=93.97 GHz. Field offset: 3360.6 mT;
temperature: 5.8 K; power: 0.6 mW; model used for fit: two Lorent-
tunneling and/or by thermal activation over the barrier ofzian lineshapes with equal dispersion contribution.
~30 meV.
racy of ~1 um. A shift of 1 um corresponds to a fre-
IIl. EXPERIMENTAL SETUP quency shift of about 10 MHz, which is somewhat smaller
than the bandwith of the resonant mode. For most measure-
The measurements were performed using a high-fieldnents the best results were obtained with a relatively small
EPR spectrometefW-Band, 94 GHZ, consisting of a het- distance of 5.0 or 6.6 mm, equivalent to 3 or 4 half wave-
erodyne setup of the two microwave bridges Bruker ESRengths in the TENy; or TEMgo, mode.
900-1041 and ER 041 XG, which can deliver up to 5 mW  The lateral dimensions of such flat samples are only re-
microwave power. stricted by the inner diameter of the modulation coils of 20
A helium-flow cryostat(Oxford CF 1200, temperature mm, which makes it possible to examine samples that are too
range from 4.2 to 350 Kis mounted in the room- extended even for conventional X-band cavities. The sample
temperature bore of a superconducting magesetenoid thickness poses a greater problem, because the electrical
type, 8 T maximum field. For standard ESR experiments the componentE, of the microwave field is equal to zero only
magnet is operated in persistent mode and the necessadifectly on the surface of the mirror and reaches its maxi-
sweep of the magnetic field is realized by additional supermum value already at a distance of 0.8 mm, corresponding to
conducting sweep coils with a sweep widtho800 G. The  one quarter wavelength. So clearly the possible sample thick-
temperature of the sample was measured by a Lakeshorgess depends strongly on the electrical properties of the
Cernox temperature sensor with an accuracy-6t2 K. The  sample, namely on its conductive and/or dielectric losses.
small number of spins in the sample made it necessary to uskne relatively high conductivity of the Si-wafer material and
a homebuild microwave resonator specifically adapted to théhe dielectric properties of Si resulted in too much losses and
special geometry of the sample—a thin, predominantly two-dramatically reduced the quality factor of the cavity. There-
dimensional conducting sheet on top of a dielectric layer. fore, it was necessary to reduce the thickness of the sample
This Fabry-Perot-type resonator consists of one sphericdly removing as much of the wafer material as possible. Care-
mirror opposed to one flat mirror with the normal axis ori- ful mechanical grinding allowed us to reduce the wafer
entated parallel to the magnetic fildg. It can be operated in thickness to~50 um, sufficient for a reasonable good qual-
various modes with the necessary polarization of the microity factor of the resonator.
wave magnetic fieldB;L By. The field distribution of the
microwave field is similar to a free plane wave: It has pre- ey pERIMENTAL RESULTS AND DISCUSSION
dominantly a transverse polarization with the electrical field
perpendicular to the magnetic field. The difference to the Recent measuremefitat a microwave frequency of 9.4
free-space situation is that both field components are out d6Hz (Fig. 2, X-Band spectruinessentially resulted in a
phase by a quarter of a wavelength, which is a decisive adingle Lorentzian shaped line=(0.23 mT half-width at half
vantage for magnetic resonance experiments. More detailmaximumn). A careful analysis of the lineshape showed indi-
on this resonator concept can be found in Ref. 9. The applieations of a second, broader line at nearly the identical field
cations of Fabry-Perot resonators to W-band ESR spectrogposition. A fit to two Lorentzians, however, is not very
copy are discussed in Ref. 10. stable, as the separation of the two linesQ(1 mT) is
The cross section of the microwave field shows a quasismaller than the individual linewidth. In this case the in-
Gaussian field distribution with a full width at half maximum creasedg-factor resolution at higher magnetic fields at 94
of =5 mm. The flat mirror is also used for supporting the GHz (W-Band made it possible to clearly separate the two
sample that is fixed on it with vacuum grease. For adjustindines (Fig. 2, W-Band spectrujrand get more reliable values
the resonance frequency of the cavity, the distance betwedbr the line parameters. Thgefactor is basically a measure of
the microwave mirrors can be adjusted in a wide range fromthe spin splitting of the electrons in or near the conduction
4 to 15 mm by sliding the mirror with a reproducible accu- band of Si, defined byr-f,,=g- ug-Bo. The microwave
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FIG. 3. Behavior of the two lines for increasing temperature. An  F|G. 4. Simulated lineshapes for the two-site exchange model.

offset and a shift are added for the clarity of the presentationThe initial separation is 30 MHz, the relative intensities are from
Power: 1.3 mW; frequency: 93.97 GHz. the experimental data at=27.6 K.

frequency is denoted bfy,,,, ug is the Bohr magneton and
By is the external magnetic field. Thgefactors of the two
lines at temperatures below 25 K are 1.989B00005 for
the stronger and 1.99860.00005 for the weaker line, re-
spectively. They are calibrated to the conduction elecgon ' ~.
factor of Li metal particles in LiEL12 Weighted with their P>

relative intensities, these values confirm the results publishe Assuming additionally that both spin systems are essen-
) ’ . P . ﬁially homogeneous and can be described by lifetime broad-
in Ref. 6 and are close to the values obtained for conduction

electrons in S With increasing temperature, the separa-enmg alone, the lineshape can be calculated analytically.

tion of the two lines decreases and above 40 K thev mer This situation prevails due to either motional and/or ex-
into one single line with its position at @ factor of 1 9292 gghange narrowing within the spin-subsystems, as evidenced
+0 00005(Fg 3 P @ ' by the predominantly Lorentzian lineshapes. The analytical
- 9. 9. S . . expression for the lineshape of the resonance with exchange
This general behavior is well known in magnetic r€S0%is taken from Ref. 16 and follows the analysis of Ref. 15

nance and is a clear indication of an exchange between tWBetaiIed balance réquirqasi Kyp= Py- Koy, wherek,, andk T
; ; ; K12= P2 Koy, 12 21
different spin subs_ystems that are separated by a spe_:mf {fe the probabilities for the exchange of magnetization from
energy barrier, which can be overcome by thermal activa-

tion. Magnetic resonance techniques are particularly sens?—yStem 1 to 2 and 2 to 1, respectively. By settig
o . T =Kk(T)/p, andk,;=k(T)/p,, we introduce a thermally acti-
tive to such exchange processes, if the exchange rate is in thet d h 6T
range of the line splitting. In our case the line separation af 2160 common exchange r €T)
low temperature is~30 MHz and the subsequent analysis
shows that the ESR signal is very sensitive to exchange rates K(T)=k 'exr{ _AEa) )
kin the range 16 s '<k<10® s 1. 0 kT |

The model used to describe this process is identical to the
model for chemical exchange in NMRand is based on where AE, is the activation energy for the process and
electrons located at two different sitéthe quantum well and Kq is the attempt rate. We denote the line position dy
the P donor layer, respectivélthat can exchange their mag- =g- ug-Bg/#%, the frequency positions of lines 1 and 2&s
netization in a kind of jump process. The two spin systemsand &, and arrive at the expression for the absorption line-
have their individual relaxation times and 7, and relative  shape:

magnetizationsp; and p, with p;+p,=1. The physical

mechanism of the jump process is unimportant, but it is as-
sumed to be fast compared to the timescale of the Larmor
periods, and it does not lead in itself to relaxation of the

[p1- (0= 85)+ P2 (0— 8]l o(0)+[ 71 pat 75 'p1+ koot ko]l (@)
l(w)= . . , )
(@) +1(w)

where thel;(w) are defined as Since the individual lineshapes are assumed to be homoge-
neous Lorentzians, the; and 7, have to be identified with
l1(@)=(77 ke - (75 1+ ko) — (0— 81) - (0— 8,) the transverse relaxation times and the values are taken from
the respective linewidths.
—kaz K, 3 This simulation can be solved with the exchange rate as

an adjustable parameter. The results are plotted in Fig. 4 and
ly()=(w—81)- (73 '+ Ko) +(w—85)- (11 *+kio). (4 reproduce all the essential features of the experimental data:
At small exchange rates, the model predicts the sum of two
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TABLE I. Temperature dependence of the line splitting and of the exchange rate.

TemperaturdK) 25 30 32 34 35 36 37 38 39 40

Splitting (MHz) 305 290 27.0 2475 230 2125 190 165 125 9.0
Exchange rate (fOs'}) 087 28 504 732 919 108 139 174 253 353

separated Lorentzian lines. With rising exchange rate, théself the result of a nonlinear fit both to the experimental
less intense line starts to broaden and shifts first, but thdata and the simulation, the accuracyAdt, cannot be es-
same effect can be seen at higher exchange rates on the mdireated.
intense line, too. Then both lines form one comparatively We note that\E, is comparable to the energy difference
broad line with decreasing linewidth for even higher ex-from Eg to the conduction band edge in the barrier between
change rates. This essential range of the exchange rate efe quantum well and the doping layer, which was estimated
tends from 18to 10® s ! and includes the value of the line t0 ~30 meV (see Fig. 1 Therefore, we identify the ex-
separation(in frequency units Finally, at higher exchange change raté(T) as monitoring the exchange of magnetiza-
rates, there is only one Lorentzian-shaped line. tion t_Jetween thg guantum well_and the P-doping layer, aqd
As this model can be solved analytically only for lifetime AE, is the effective energy barrier. Whether the 'exchange is
broadened lines, it is not suitable for a direct fit to the ex-accomplished by an exchange of electrdparticle and
perimental spectra, which are more complicated due to th%ha_rge exchangeand/or by an exchange of magnetization
combined effects of unresolved hyperfine interaction, disper-Spln exchangecannot be dec'd‘?d by the ESR data_ along.
) L ) i .. We note as well, that the analysis of the ESR experiment is
sion contributions due to the electrical conductivity, and dif-

- . : . only sensitive to ratek(T) in the range 10 s™1<k(T)
f_erent contributions to the I|n¢W|dt_h due to only partial mo- <10° sL. This “rate window” is essentially determined by
tional or exchange narrowing in the spin subsystem

th | Theref 100k it i h: he initial line separation< 30 MHz in our case We cannot
EMSEIves. Theretore, we took an alternative approach: Wy . qe an additional temperature-independent exchange

fitted both the simulated and the experimental data by ”Singrocess(e g., by tunneling through the barfiebut its rate
the same analytical expressidne., two Lorentzian lines, ’ 1

DR . N ; *S: must be less tharr 10° s 2.
with dispersion contribution In that way, we obtain the in- One important consequence for thdactors can be seen

tensities, the widths, and the positions of the two lines, onlyfom Fig. 6, where we plot thg factors of the two individual
the latter values being important for the analysis of the eXijines versusT. At low temperature T<20 K), the lines are
change process. We get two sets of data: The separation gfearly separated and we identify the quantum wefihctor
the lines depending on the exchange rate for the simulatiogsg=1.9993+0.00005, and the factor of the doping layer
on the one hand and the temperature-dependent experimenga g=1.9986+ 0.00005. All experiments on donors and/or
splittings on the other hand. A comparison of these sets alkonduction electrons in Si so far were unable to resolve these
lows us to eliminate the line separation and gives the desiresimall g factor differences and comparisons g@fvalues to
relation between the exchange rate and the temperature. values stated in the literature have to take that into account.
Table | shows the experimental line separation as a funcWe are aware, that bot factors of our experiment are not
tion of the temperaturd, taken from the fit of the experi- purely intrinsic values of the Si and the Si:P systems:ghe
mental spectra. The fit of the simulated spectra according téactor of the quantum well depends on the filling with elec-
Eq. (2) on the other hand yields the exchange rate as a fundfons (the Fermi-energyeg) and on the width of the well.
tion of temperature, given in the third line of Table I. In Fig. The g factor of the donor layer is a function of the donor
5 we plot the exchange rate[k{T)] versus 1T, and from a  concentration and bot values are temperature dependent.
linear regression we obtain an activation enetgf,=19  Comparisons to theoretical calculatiofshether by semi-
meV. Due to the fact that the data points of Fig. 5 are inempirical k-p or by more refined band-structure calcula-
tions) will have to take these details into account. It is not
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FIG. 5. Exchange ratk as a function of the temperature, taken  FIG. 6. Temperature dependence of thactors. The lines are
from a fit to the simulations from Fig. 4. from a fit to the two-site exchange model.
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permissible to compare experimentpfactors in nanostruc- close agreement with the expected energy barrier obtained
tured semiconductors to calculations of théactors of con- from an energy band model. The data shows the important
duction electrons without considering the dependencies anaasights obtained from experiments at higher ESR frequen-

lyzed in this contribution. cies(higherB,, fields). The experimental findings are of con-
sequence for the interpretation gfactors in nhanostructured
V. CONCLUSION semiconductor systems and similar scenarios are expected to

_ prevail in other semiconductor material systems.
We have presented ESR results from Si/SC, samples

at 94 GHz, which clearly show different contributions to the
ESR signal. We were able to interpret the results in a model
of exchange between the quantum well_SC, and the ad- We thank K. von Kilitzing for stimulating discussions.
jacent Si:P doping layers, separated by the energy barrier iH.-J. K. acknowledges financial support from the program
the Si spacer layers. The exchange is thermally activatetiForderung des wissenschaftlichen Nachwuchses.” Part of
with an activation energy oAE,~19 meV, which is in the paper has been financed by DFG Grant No. DE 416/7-1.
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