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/ Motivation \

* Exper data shows strong growth of y. with r,
(l.e. F,°— -1). Stoner instabllity in the 2D FL-state ?

o 2D systems are probed mainly by transport. Can the
thermodynamics be measured when the number of
particles ~ 108 ?

e Transport studies reveal inconsistency with
homogeneous FL concepts. Can the thermodynamics

\shed a light ? /
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Strong growth of * ecm*g* with
density lowering (r, growing)
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Strong growth of |F,*| with lowering n
(increase of ry)
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Ground state energy of the 2D system

1.68

v’ Variational and fixed-
node MC calculations 1.66
have insufficient accuracy

v"No way to measure E

v Constructive approach:
to measure JE/0x
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v'First Derivatives OE/ox :

oE/on=p — chemical potential
ou / on — compressibility

ou / oB — magnetization

ou/oT — entropy




1. Compressibility op / on
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1. Compressibility ou / on i 2P B i (&m)
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2. Spin magnetization ou/ oB.

Principle of measurements current Amplifier

‘ Gate Vg L
| B Out

2D electron gas

Advantages

*High sensitivity (108 spins)
Measures thermodynamic
magnetization

*Accessibility of the Insulating
phase

Low-field measurements

— Modulated magnetic field

p B+oB

6B_=0.03T, 6Hz

M.Reznikov, A.Yu.Kuntsevich,

N.Teneh, A.Yu. Kuntsevich, V.M.P,
M.Reznikov, Phys. Rev. Lett. 109,
226403 (2012).

N.Teneh, V.M.P, JETP Lett. (2010).
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Electric circuitry

Maxwell relation _
HM‘E . du/0B = —aM/don.
] LIS “”%
Ir_fli____}f‘iiﬂﬂ 51 V L \
z Modulated magnetic field -
k / B+5B UI‘% mplitier
v Y
V=0Q/ CO+A]J/ € — —— " Bul
5 Ohmic contact -
eTﬁ _ _@_M \ 2D electron gas J
C dB oB

N.Teneh, AK, VP, M.R., PRL 109, 226403 (2012)
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Principle of measurements

U=Ap+Aule
AG = —Ajile = — ou AB cos(at)
oB e
- ou ABaC sin(wt)
: oB e
| ou oM
Maxwell relation: G—Bn = _8—n :

F(n,B) — free energy
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dM/dn, expectations for the degenerate Fermi-gas
(no interactions)
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Earlier measurements (high fields).
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Low field measurements: B < T
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dM/dn > g |

FM -
Interaction !

Mean field simulation
. = tanh(b+ 7 /t)
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dM/dn > g |

FM -
Interaction !

Mean field simulation

. = tanh(b+ 7 /t)
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Two phase state




Sign reversal of dM/dn

»oM/on <0 at n>n. =

each electron added to
the 2D system causes
decrease In the number
of SDs

»oM/on >0 forn—0
oM/on —> 0 atn=n,
oM/on <0 forn>n,
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Thermodynamic spin susceptibility

This Is the response

[
of the overall 3.5 |
electrons 30l
T
1.7
Susceptibility of the | V8K

localized spins greatly
exceeds and masks
that of the itinerant
electrons 20




Density dependence of dy/dn
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Sign change of dy/dn (and dM/dn): a critical behavior
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Sign change of dM/dn: critical behavior
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Thermodynamic spin susceptibility: T-dependence

This Is the response of
the overall electrons

Susceptibility of the
localized spins
diverges as ~(1/T)?
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. Part 2: Entropy
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Entropy per electron

(OS/On)r = _(aﬂ/aT)n

_ " 08 _
S(n) = / {__—rfn + S(ng)

ng On

L

Problem:
n =0 IS Inaccessible
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Differential entropy per electron

(OS/on)r = —(8/,4/(9T)ﬂ
_ .S
S(n) = / {—rhs + S(ng)
| Jng on “
Problem:

Nn =0 IS Inaccessible
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Experimental set-up & principle of measurements

i(t) = 22 ATC, sin(et)

@ oT
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Forf> a/C ~0.1Hz, AT, ~1/Cf  and i # i(f)



Samples and their parameters

Sample | Density range, | /p range, | Capacitance, | Area, | Peak mobility,
1011 ¢m—2 meV pF mm? m?/Vs
SiUW1 0.3-12 0.2-7.5 700 4 3
SiUW2 0.3-12 0.2-7.5 680 4 3
Si&-9 1.5-12 0.9-7.5 630 4 0.5
GaAsl 0.4-5 1.7-20 1100 5 20
T =2.5-25K B =0-9Tesla
Silk-covered 50 pm AT...O 05_0 25K
manganine wires : -
— , f~0.15 - 5 Hz
indical sample chip with
cyliina| . metallized gate and b 150 . — .
container contact electrodes Tm '
B . 0,2 tm -
N | — - \ l | 100 |\ % é-“ _.—‘1.-T i
Gold-plated I %J < | R N _
PCB ~ e LN \ pol oy o0 ]
= - ' 0 ' 4 5 10
Bonds. Glue A § @ ek £ {Hz)
old 25 um © W &, | —A—1Hz
."l L 0.3 Hz
4 _"h“l T = _._:.' o —
= 3
p 2 79

n(10" em™)




Expectations: Entropy for the 2D case

T (a) Y4t ole ‘

§ ¢ (o] S=S{FNOHAD AN} S = 27 D/3
m \ Electron

=1 III excitations

For a degenerate 2D Fermi-gas with D = Const
T dS/dn = - dg/dT= 0.

When dS/dn #0 ?

D depends on the / l \

carrier density Non-degenerate system Interacting system
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Entropy magneto-oscillations

|deal degenerate 2D gas
S =n*TD/3

D(e)

8 "o / " D(E)/(1 + eEw1T)dE

D(n)

VALLEY gpy  VALLEY  cycLOTRON
GAP GAP GAP \  GaP
to
4

Filling fac
1 2 3

S/T

dS/dN/T
dS/dn

" s
S(n) = f %dn + S(no) 5
(N 5

Electron density n (10" cm?)



dS/dn (dimensionless units)

dS/dn vs B Ideal 2D gas in GaAs/AlGaAs
Y. Tupikov et al, JETPL 2015
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What Is expected in zero field? n=101 cm2

U~e2/<r>~nl/2 70K

E_~n 7K

_ r~U/E_~n"1/2 0
T~T.. Non-degenerate Fermi-gas ;

S Ep/T _E./
(L ) d —In(1-¢Fr/T)y >0
T 1

on eEr/T _

S
on

T<<T.. Degenerate Fermi liquid

S TGy <1 dm® _ 5
(E ) _ 27 o +A3n)T* <0
T

on G dn

v

Small corrections

n, E/T
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dS/dn

Positive & negative (0S/on)
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In accord with FL:

(i) The higher the
temperature, the larger
IS the entropy

(i) As n increases,
(dS/dn) decreasesto O

(ii)) For the lowest T's
and high densities,
(dS/dn) gets negative

(iv) The effective mass
agrees with that
extracted from SdH
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Negative (0S/on)

(cirrmngion psy niin]
-

In accord with FL:

(i) The higher the
temperature, the larger
IS the entropy

(i) As n increases, S
decreases to O

(ii)) For the lowest T's
and high densities,
S gets negative

(iv) The effective
mass agrees with that
extracted from SdH
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dS/dn

Positive (0S/ on)
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However, (dS/dn)
exceeds the value
calculated for the
iIdeal Fermi-gas
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dS/dn
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Role of the disorder
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Checking the 3rd low: Entropy integration

15 n=1
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0.3 10"
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The 3rd low of thermodynamics in the Fermi-liquid
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Thermodynamic effective mass

The effective mass
m*(n) shows a
reentrant behavior.

It tends to m, as n—0.

T ' s T L
, | = 25K
’ roo(b) 2.8K j
4 35K .
L 48K r
4L
E3r
E
2L
1L
0
= I - - .'!- "':- i--._--'.I _ L I
r: = [ragn + TP /ELUP| 12

p—

m*(n) from SdH in the
FL regime

39

the plasmon frequency at the Fermi wave vector kr, wp(kr) ~ VEFU;




Thermodynamic effective mass [The effective mass

m*(n) shows a

A "'25;; —— reentrant behavior.
5 | —=— 2 1
O T N ) I I o It tends to m.. as n—0.
/ Ny f 35K I b
{ ',I \ - —a— ] B / .

Strongly correlated

m*(n,T) can be scaled using effective parameter p|aSEmaTregL|Jme:
Ny I — - <T<<
1t = [raqn + oI JEQUP]1/2 -

f . : ] 40
the plasmon frequency at the Fermi wave vector kr, wp(kr) ~ VvErU;




Thermodynamic effective mass &
Plasma regime parametrization
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the plasmon frequency at the Fermi wave vector kr, wp(kr) ~ VEFU;




Summary:

« One can measure 0S/on for a system with n>108 electrons.
« High densities, low temperature — Fermi-liquid

« Low densities — strongly correlated plasma: Novel state
of the electronic matter, where interaction parameter is
T- and n- dependent.

Thank you for attention!
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