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H/T scaling of the magnetoconductance near the conductor-insulator transition
in two dimensions
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For an electron density near thé=0 insulator-to-conductor transition, the magnetoconductivity of the
low-temperature conducting phase in high-mobility silicon MOSFETs is consistent with the form
Ao(H,T)=0o(H,T)—0o(0,T)=1(H/T) for magnetic fields$H), applied parallel to the plane of the electron
system. This sets a valuable constraint on theory and provides further evidence that the electron spin is central
to the anomalousl =0 conducting phase in two dimension$0163-182¢08)52516-1

Recent experiment$ have demonstrated that the anoma- Ao(H|, T)=a(H,T)=a(0T)=f(H;/T). 1)
lous conducting phaddound in the absence of a magnetic
field in two-dimensional electron systems in silicon metal-

oxide-semiconductor field-effect transistofgdl OSFETS is . =
strongly suppressed by an in-plane magnetic fild, For ~ Periments wasut2y, (~25 000 cri/Vs. The conductivity

electron densities near the=0 transition (i.e., for sn  Was measured in magnetic fields up to 15 kOe applied par-
=(ns—ng)/n.<1, n.~10" cm2), an external parallel allel to the plane of the electrons. .
field as low asH|~4 kOe causes an increase in the resistiv- Measurements were taken b4etwee_n 0.25 and 0.9 K with
ity, changing the sign ofip(T)/d T at low temperatures from he sample immersed in thtHe-*He mixing chamber of a
positive (metallid to negative(insulating behaviog the re- dilution refrigerator. Th% eIe(itgon de_nsny was set by the gate
sistivity saturates to a constant value for fields above voltage atns=9.43x 10' cm™?, placing the sample on the
~20 kOe, indicating that the conducting phase has been erg?_onductmg side arg)d neazr the conductor-to-insulator trapsp
tirely quenched. We have shown furthehat a magnetic tion (nc=8.57X 10 cm™?). In the absence of a magnetic
field suppresses the conducting phase independently of tffield, the resistance was 13.9 kOhm at the lowest measured
angle of application with respect to the two-dimensionaltémperatureT=0.25 K. o
(2D) electron layer. The total magnetoconductance is the su- The  magnetoconductivity, Ao(H),T)=o(H,T)
perposition of this term and orbital effects associated with— @ (0.T), is shown in Fig. 1 as a function of temperature for
the perpendicular component of the field which give quan-various fixed values of parallel magnetic field. The magne-
tum Hall oscillatione toconductance is negative, its magnitude increasing with ap-

The unexpected conducting phase in two dimensions iplied field apd with decreasing tgmperature. The noise for
the absence of a magnetic field has been observed recenfijnallH derives from the subtraction of two largend com-
for holes in SiGe quantum wellsand GaAs/A|Ga,_,As  Parable quantitieso(H;,T) anda(0,T). The inset to Fig. 1
heterostructure®:*° Although considerably smaller, a nega- Shows the magnetoconductivity relative to its zero-field
tive magnetoconductan¢positive magnetoresistano@efs. ~ Value,a(0), as afunction of H) at a temperature of 0.25 K.
10 and 11 found in these systems has also been attributed tdhe magnetoconductance decreases rapidly and begins to
the suppression of the conducting phase. In MOSFETSs, as ipaturate  above ~13 kOe, consistent with earlier
other systems where a conducting phase has been observ@@asurements? The data forA¢ can be collapsed onto a
at low temperatures in the absence of a field, estim&te$ single curve by applying a different multiplicative factor to
indicate that the energy of interactions between carriers i§he abscissa for each curve, as illustrated in Fig. 2. The scal-
much larger than the Fermi energy in the range of carrieind parameteil, is plotted in the inset as a function of the
densities where the conducting state exists. Zeeman energygugH) /kg (in Kelvin). Here g is the g

An in-plane magnetic field affects the spins of the elec-factor (equal to 2 in Si MOSFET)s ug is the Bohr magne-
trons only, and has no effect on their orbital motion. Theton, andkg is the Boltzmann constant. A power-law fit
quenching of the conducting phase by a magnetic field apishown by the solid curyeyields ToxHff, with «=0.88
plied parallel to the plane of the electrons thus providest0.03. We note thaH/T scaling of the form Eq(1) re-
strong indication that the electrons’ spins play a central rolejuires thate=1, corresponding tolo=gugH) /kg (indi-
in the anomalous conducting phase in these two-dimensionahted in the inset by the dotted linéVe suggest that the
systems. We now demonstrate that near the metal-insulataleviation ofa from unity is associated with the saturation of
transition, the magnetoconductivity of tie=0 conducting the magnetoconductance ldfj=13 kOe shown in the inset
phase in high-mobility dilute silicon MOSFETSs scales with to Fig. 1, where one might well expect the scaling to break
H/T, obeying the form down. We therefore exclude the data sets at the three largest

The maximum mobility of the sample used in these ex-
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FIG. 3. Magnetoconductanceo(H;,T) vs (QugH)| /kgT)? on
20 . . . a logarithmic scale forH;=5-12 kOe (see the text The
0.2 0.4 0.6 0.8 . . . ;
- ’ : ) dashed line is a fit to Eq.(7) in Ref. 22, Ag(H,T)

T(K)
=— [0.08432/(7Th)] vo(yo+ 1)(g,uBH/kBT)2; y,=1.3.

FIG. 1. Magnetoconductivit\o(H,T)=o(H|,T)—0o(0,T)

vs temperaturd for several magnetic fieldd| applied parallel to density fairly close to the critical density, the magnetocon-
the plane of the electrons. The sample is in the conducting phas . -
with an electron density— (n.—n.)/n.—0.10. The dotted lines are Guctance scales well withl | /T. We note that preliminary

guides to the eye. The inset shows the magnetoconductivily at experiments indicate deviations frdiyT scaling for higher

=0.25 K relative to its value atl=0; o(0)=0.54?/h. Note the electron densitiglsz.
rapid change of\a/0(0) followed by saturation above 13 kOe. Based on quite general arguments, Sachtisvowed that .
the conductivity near a second-order quantum phase transi-

tion is a universal function oH/T for a system with con-

saturation is apparent For in-plane fields in the range served total spin. If the magnetoconductance of our silicon
H=5-12 kOe, the absolute value of magnetoconductance, OS_FET ‘?'°es inde'ed scale with/T (the 0,'0“60' straight
|A0’(HH)|, is shown as a function OfngHH/kBT)Z in ine in the inset to Fig. Rrather tharH/T* with a# 1 (the

Fig. 3. For this range of magnetic fields and for an electrorp?lid curve, this would imply that spin-orbit effects are rela-
tively unimportant near the transition. For a weakly interact-

ing 2D system, Lee and Ramakrishifat? obtained scaling

fields (for which the proximity of the scaling paramefgg to

00 R of the form Eq.(1) associated with the negatiy8,| =1 trip-
wen let channel contribution to the conductance. We note that the
_55%‘5" scaling reported here for the 2D system in silicon MOSFETs
ra is remarkably simildf to the H/T scaling of the magneto-
051 _'O? conductance observed by Bogdanoviehall’ in three-
- E3 dimensional Si:B near the metal-insulator transition, where it
~§ 5 30 ; ‘ was attributed to the mechanism of Ref. 5T scaling is
E;: : 25| also expected within theories that predict various types of
=1 A0 S 20| 7 superconductivity in a strongly interacting system in two
& Jog.l A dimensiong®-%°
g , P P Extending earlier work of Finkel'shteif, who showed
° e 10 1 that a disordered, weakly interacting 2D system can scale
A5 sl 7 1 toward a metallic phase, Castellaei al** have obtained
N 00 - , ‘ a magnetoconductancko(H,T) = —[0.084%/(wh) ] y2( v,
5 0 %I;/ks © 2 +1)(gugH/kgT)2. The coupling constang, is expected to
' vary with temperature in the range of validity of the calcu-
20 lation, namely, in the metallic phase and not too close to the
0.2 OﬁT 06 0810 critical density. Our observation of simpl¢/T scaling for a
0

relative densitys,<1 implies thaty, is at most a weakly
FIG. 2. The magnetoconductanse as a function off /T,. The ~ t€mperature-dependent quantity near the transition. The fit to
inset shows the scaling paramet€g plotted as a function of th_e form SUQQ?Sted in Ref. 22 is shown_ by the_daShed I_Ine in
gugH||/ks (symbols for different fieldsH,|, are the same as in Fig. 3, and y|e|d3372“”j1-:_3y corresponding to intermediate
Fig. 1). A power-law fit, shown by the solid curve, yieldg=H{  coupling strengt.ﬁ: It is interesting that evidence of en-
with @=0.88£0.03. The dotted straight line correspondsTty  hanced conductivity can be seen in ealier measurements by
=gugH) /kg; deviations from straight-line behavior are attributed Bishop, Dynes, and Tstfi who found an unusually large
to saturation at high fields. negative low-temperature magnetoconductance due to elec-
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tron correlations in silicon MOSFETSs with electron densities We are grateful to Lenny Tevlin and Subir Sachdev for
an order of magnitude above the transition. independently suggesting the scaling analysis presented in

To summarize, we have observed scaling of the magnetdhis work. We thank D. Belitz, J. L. Birman, Song He, D. .
conductivity of the form Ao(H),T)=f(H;/T) in the Khomskii, P. A. Lee, P. Phillips, T. M. Rice, T. V. Ra-
anomalous conducting phase of a two-dimensional system ahakrishnan, F. C. Zhang, and S. He for valuable discussions.
electrons for electron densities near the conductor-toThis work was supported by the U.S. Department of Energy
insulator transition. Our finding dfl/T scaling sets a valu- under Grant No. DE-FG02-84ER45153. V.P. was supported
able constraint on theorig¢8-222° by RFBR97-02-17387 and by INTAS.
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