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In-plane magnetoconductivity of Si MOSFETSs: A quantitative comparison
of theory and experiment
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For densities abova=1.6x 10'* cm 2 in the strongly interacting system of electrons in two-dimensional
silicon inversion layers, excellent agreement between experiment and the theory of Zala, Narozhny, and
Aleiner is obtained for the response of the conductivity to a magnetic field applied parallel to the plane of the
electrons. The parameters deduced from fits to the magnetoconductance do not provide quantitative agreement
with the observed zero-field temperature dependence. We attribute this to the neglect in the theory of additional
scattering terms, which affect the temperature dependence more strongly than the field dependence.
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Two-dimensional (2D) systems of electrons® and  vide good fits to the temperature dependence of the zero-field
hole$¢~8 have been the focus of a great deal of attentionconductivity. We attribute this to the presence of additional
during the last few yearkTheir resistance exhibits a metallic Scattering processes not included in the thébfy.
temperature dependence above a critical electron demsity ~ We begin with a very brief review of the theory. The
and a strong dependence on magnetic fields applied paralléPnductivity of a disordered electron systéaharacterized
to the plane of the electrod®.A recent theory of Zala, PY the large dimensionless conductamge2h/e’Ry> 1;
Narozhny, and Aleinét12(ZNA) attempts to account for the Rp is the sheet resistancean be expressed as follows:

behavior of the conductivity of these strongly interacting
electron systems using a Fermi liquid approach. Within this o=0pt oy t+ 60t O
theory, the temperature and field dependence of the correc-
tion to the conductivity due to electron-electron interactionHere the Drude conductivity isp=ne’z/m*, n is the elec-
arises from the suppression of quantum interference betwedron density, 7 is the elastic mean free tim@lso see the
different electron trajectorieséi.e., coherent scattering off discussion beloyy andm* is the effective mass. The weak
Friedel oscillations localization(WL) correctiorf®

The ZNA theory describes the behavior of several inde-
pendently measurable quantitigzero-field conductivity, Sy =— € InE )
magnetoconductivity in a parallel field, Hall coefficient, gtc. 27’h T

in terms of a small set of phenomenological parameters. %epends on external parameters through the dephasing time

number of approximations are made in the theory, includingnp (see Refs. 1315 for detajlsThe resulting temperature

using the model of white noise disorder, approximating theye,engence is logarithmic in zero magnetic field. Based on

S i Eq.(2) and the available datd,one can estimate the value of
valley scattering in the case of silicon. We note that althoughy o "\ correction (2). For electron densityn=2.47
the qualitative features of the temperature dependence shou 10 em~2 used in thié work(see below, Eq. (2) yiellds

not ttl)e Ttensilr?ve to ltthem, thﬁs? a;l)pr|OX|ma:|onf tr;:ay s_|gn|f|-5UWL: —0.42xe’h at T=0.25K and oy, =—0.22
cantly after the resufts quantitatively. In contrast, tNese ISSU€g .2, o1 7—1 K. These values are much smaller than typi-

will have only a weak effect on the magnetic field deper)—cal variations of the conductivity with in-plane magnetic

dence, which is associated W'.th Fhe suppression O.f SPINGeld H (see Fig. 1 We therefore neglect the WL correction
exchange processes. A quantitative comparison with thﬁ] the present paper

eSS magreGEonLtace s Herlore 10 e T carecton torm due o meractonsr, s r
pp y y P cently calculated by ZNA(Ref. 11 for the intermediate-

Wltlhnt?hﬁstergpeerra\l:ltére Sai%i?daeggiéile d quantitative com ari'gemperature regime. Physically, this correction arises due to
son of thepZISA theor@}'nwith the in- Ianqe ma netocondupc- coherent scattering off Friedel oscillations. Fb=0 the re-
. piar 19 : sult of Ref. 11 consists of the charggingley channel con-
tivity of the 2D electron system in Si metal-oxide-

l) @
5"

2

semiconductor field effect transistdfdOSFET'S measured tribution

at different temperatures and different electron densities. Ex- e Tr 3 o2 Ee

cellent agreement between theory and experiment is obtained Soc=— | 1—<f(T7)|— In— (3a)
wh h 8 2m2p T

for the magnetic field dependence, allowing the determina-
tion of the Fermi liquid constarfEg and valley splitting en-  and the triplet channel contributidine., the contribution of
ergy Ay . However, these values &f; and Ay do not pro-  spin-exchange processes
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K,(x,Fg) and the diffusive part of the magnetoconductivity
K4(E,/27T), can be found in Refs. 11 and 12.

The ZNA theory(as described in Refs. 11 and 12 and
above considers an idealized 2D electron ga®EG) with-
out taking into account material-dependent details. For 2D
electron systems in Si MOSFET’s an important additional
feature is valley degeneratylf we neglect inter-valley scat-
tering (in other words, assume that the valley index is a good
guantum numberand assume that the two valleys are degen-
erate, then we observe that the valley index can be treated as

w a pseudospin. In this case electrons have not one, but two
47 x 10Y emi? . “spin” indices, and the total number of scattering channels is

conductivity (e¥/h)
8

—
(%

n=2.
0 1 2 3 P s thus 16(as opposed to 4 in the usual case considered in Ref.
H(T) 12). In reality, the valleys are split with an energy splitting

Ay . The effect of this splitting is similar to the effect of the
Zeeman field, since it only shifts energies of the electronic
nsétates without affecting the corresponding wave functions.

Taking into account the valley degeneracy, we can write
the interaction correction to the conductivity in the following
form:

10

FIG. 1. Conductivity of a Si MOSFET vs in-plane magnetic
field atT=0.25, 0.5, 0.8, 1, 1.3, 1.6, 2.6, 3K) (from top. Sym-
bols denote the experimental data; solid lines are calculated usi
Egs.(3) and(4). The electron density is=2.47x 10' cm™2. The
scattering time used to evaluate E4) is 7=5.28 ps(see text for
discussion As shown in the inset, the fitting parametef varies

above 2 K, indicating that points above this temperature are beyond5 = 50+ 1580+ 280(E.) 4+ 280(A) + So(E.+ A
the range of applicability of the theory. Tee™ 00C T o(E) o(Av)+ oo (E,FAv)

+60(E,—Ay), (4)
_ Fo € Tr 3 o where the last four terms on the right-hand side are defined
or=———— | 1-5t(T7Fg)
(1+Fg) mh h 8 by Eq. (30).
Equation(4) is the main theoretical result which we in-
1 e? Er tend to test against the data. Our strategy is the following.
- 1—;"1(14' F3) %m?- (3D The theoretical expression8) and (4) contain three phe-
0

nomenological parameters: the Fermi liquid consiht the

Note that the latter must be multiplied by the number ofélastic mean free time, and the valley splitting\, . As the
channelg3 in the absence of valley degeneracy and the 7Zegtheory calculates corrections to the impurity scattering time,

man splittingE,= ugoH; the Landeg factor go=2): t_he value ofr in all theoretical expressiqns is the scattering
time that the system would have &&0 in the absence of
80 ee= 00 c+3807. quantum corrections. Thereforemust be determined from

o the temperature dependence of the conductivity: one has to
The magnetic field suppresses those channels that correspoggtrapolate the linear temperature dependence from interme-

to nonzero total spin components, giving rise to a depengjate temperatures td=0 and use the/ intercept as the

dence of the conductivity on magnetic fiefd: zero-temperature value of the Drude conductivityus ne-
glecting the logarithmic corrections; therefore this value does
60 (E;)=60ed E;,) — 60 0) not coincide with the actual measured residual conductivity

5 of the system

_& | 2R T_Tbe(E) The theory described above is vdfidvhen the dimen-
mh| (1+F5) h 2T sionless conductance of the system is laggel and the
system is not too close to the Stoner instabilify<(1
z +F§)?Eg . Also, the magnetic field dependence, K4, is
Ky 27T M7, 7). (30 valid for relatively weak fields, well below the full polariza-

tion of the electron system. The comparison between experi-
Here the ballistiqi.e., dominant forT7=1) contribution to ment and theory presented in this paper is restricted to a
Eq. (30 is range of densities and temperatures well within these limits

(see below and Figs. 1 and.2

Kp(x) =x cothx— 1+ K,(x,Fg). (3d) The remainder of the paper is devoted to a direct compari-

son of the data with Eq4). Measurements were taken on
In the above expressions the dimensionless functfgrs, two Si MOSFET’s with mobility w~25000 V/(cnfs) at
t(x,Fg), andm(y,x) describe the crossover between the dif-0.3 K. Data were obtained using standard four-terminal ac
fusive (TT<<1) and ballistic regimes. These functions decaytechniques on samples with split-gate geometry to 12 T at
smoothly from unity to zero and change the valugSaf by  City College and in fields up to 20 T at the National High
only a few percent outside the crossover region. The detailslagnetic Field Laborator}f The dimensions of the mea-
regarding these functions, as well as explicit expressions fasured portion of the 2DEG are 1260 um?. Measurements
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H(T) FIG. 3. Temperature dependence of the conductivity of 2D elec-

o . . _ trons in a Si MOSFET at =0 for densities1=3.3, 3.0, 2.47, 2.19,
FIG. 2. Conductivity of a Si MOSFET vs in-plane magnetic 1.92, 1.64 10 cm~2 (from top. The symbols indicate experi-

field for densiiesn=3.3, 30, 275, 2.47, 219, 1.92, 164 noniy| data. The solid lines are calculated using the théReys.
X 10" cm~2 (from top). Symbols denote the experimental data; the 11 and 12. The straight line drawn for density 2.42.01 cm™2 is

lines are calculated using E@) (for fields weaker than the field for extrapolation to zero temperature of {mearly linear part of

full polarization. The temperaturd =1 K. the conductivity used to determine the value £ 5.28 ps(see

were taken at temperatures down to 0.25 K in the Iinea}eXt)'

regime using small currents of about 1-2 nA to prevent over-
heating the electrons. range of our experiments: for densitias=1.6x 10! cm™2

As pointed out earlier, the approximations made in theand higherF§= —(0.15+0.01).
theory are expected to affect the temperature dependence of Figure 2 shows the in-plane magnetoconductivity for dif-
the conductivity rather more than the field dependenceferent densities at a fixed temperatufe=1 K. The zero-
which should be relatively robust. We therefore consider dield conductivity is a linear function of temperature in the
comparison of the magnetoconductivity data with the theoryyicinity of 1 K (see Fig. 3and is thus in the ballistic regime
In Fig. 1 we show the longitudinal conductivity,, as a T7>0.1 of the theory>*?>The comparison is made for mag-
function of magnetic fieldH | applied parallel to the plane of netic field below 6 T, where variations of the magnetocon-
the Si MOSFET for electron density=2.47< 10" cm™2 at  ductivity are relatively smaliwell within the range of appli-
different temperatures. In agreement with earlier resdlts, cability of the calculations Again, quantitative agreement is
there is a substantial decrease of the conductivity with inobtained between theory and experiment.
creasing magnetic field. The gray lines are obtained by direct We now compare the measured temperature dependence
evaluation of Eq.(4) (theoretical results are shifted verti- of the conductivity in zero magnetic field with that predicted
cally) using F§ and Ay as fitting parameters. The valley by the theory**?using the values ofF g andA,, determined
splitting only affects the quality of the fit at low fields, while above from fits to the field dependence. Figure 3 shows the
the slope at higher fields depends strongly on the Fermi ligdata(symbol$ and the predictions of the theofgolid lines.
uid constant. The determination of the valuerafsed in this  As noted above and illustrated in the inset to Fig. 1, the
calculation is more subtle. In order to extract the valuerof theory is not expected to apply far>2 K. It is clear, how-
from the data one needs to know the effective mass of thever, that no agreement is obtained even Ter2 K: the
electrons. One can measure the produty* (Ref. 20 ex-  temperature dependence observed experimentally is consid-
perimentally(by analyzing Shubnikov—de Haas data, for in- erably stronger than that calculated from the thebfy.
stance. The renormalized value of the Landgfactor is The theoretical prediction shown in Fig. 3 depends on the
related to the sami& Fermi liquid constantg* =g,/(1 value used for the electron mass. If we abandon the self-
+Fg). Using these relations self-consistently, we obtain theconsistent procedure for determining the renormalized mass
value of r for each electron density. For the density m* (see aboveand use instead the bare band massilar
=2.47x 10" cm 2 we find 7=5.28 ps. to Ref. 9, the discrepancy between theory and experiment is

Excellent agreement between experiment and theory iseduced. However, the slopes of the theoretical and experi-
obtained for the magnetoconductance, as demonstrated mental curves still differ by about 30%.
Fig. 1. The fits are relatively insensitive to the valueAgf, Note that various authors have used the ZNA theory to
with Ay~1 K for all electron densities. As shown in the determineFg and Ay by fitting to the temperature depen-
inset to Fig. 1 for densityg=2.47x 10" cm 2, FJ is es-  dence ofdo,, rather than the field dependensee also Ref.
sentially constant bel 2 K asrequired by theory and in- 22). Our attempts to do this yield values Bf that are much
creases above this temperature; similar behavior was fourldrger than those deduced from the field dependence above
at other densities. We suggest that this sets an experimentaliynd similar to those obtained in Ref. 23. In addition to the
determined limit on the temperature below which the ZNAfact that the temperature dependence is more sensitive to the
theory is applicable. The Fermi liquid paramefgis found  approximations in the theory as argued above, this approach
to be roughly independent of electron density within theis also less reliable for our data: the temperature dependence
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in Fig. 3 exhibits linear behavior over a very narrow range,they do not yield quantitative agreement. While including
unlike the magnetoconductivity which exhibits a broad rangeadditional scattering processes, such as intervalley scattering,
of linear dependence on fieldee Fig. L This is consistent could result in better agreement, it would be at the price of
with the theoretical expectations discussed above. introducing additional fitting parameters, thus making the fits
In summary, for the strongly interacting two-dimensional less meaningful. o o

system of electrons in silicon MOSFET's, excellent agree- The results reported in this paper indicate that the ZNA
ment between experiment and the theory of Zala, Narozhnyheory provides a good description of the behavior of 2D
and Aleinet*2was obtained for the response of the conduc—eleCt_r?{‘ sy_sgems in Si MOSFETSs for densities above 1.64
tivity to a magnetic field applied parallel to the plane of the <10 =" cm “. At lower densities the system exhibits much
electrons forT<2 K. For temperatures between 0.25 K and 'a/9€r variations of observed conductivity, particularly as a
2 K and densities down to 1.64101 cm2, the theory pro- function of in-plane mangetic field. The behavior at very low

vides quantitative agreement with the measured magnetﬂensities remains poorly understood and requires further in-

field dependence of the conductivity using only two param-VGStigation'

eters: the valley splitting\=1 K and the Fermi liquid pa- We are grateful to I. L. Aleiner, D. L. Maslov, and B.
rameterF g~ —0.15. Although the parameteffg(n) andA,  Spivak for helpful discussions. This work was supported by
obtained from fits to the magnetoconductivity provide quali-the U.S. Department of Energy at City College under Grant
tatively correct behavior for the temperature dependence dlo. DE-FG02-84ER45153 and at Brookhaven under Con-
the conductivity in zero magnetic fielghcluding the sigh,  tract No. DE-AC02-98 CH 10886.
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