Ia ‘l‘cra_a'l'i.f;p_ Electrons o Medad &QM&

Exrf-s.:‘-ad-te_u ‘6’”’\ “"'{(ﬁciy: ‘fiu_ “Ulhl.rer’?-uf J'&‘AQGJ/*OAR.‘\,“

ref: (Glatwan jtduwi, o k.,rl...ul ot al. PRB G2 1475 (uoo)

T.L. Aleiner et aJ Qll)«ﬁt(.b ’Rﬂ.’cyﬁ Zﬂ- 2309 (2e01)
Do = E N*

- J (-—S.\L i (\13“ %f T (-.ﬁ'a Smamn”.{;‘ -Ff.l.!,)

C‘t“’fi;‘f CFE—I\M?Q. ’Pﬁ‘u’:d—’
= ¥
where ﬁ) Is te alectven Huvsber Qpéﬂd'lh all ot dus A‘ﬂ-s
TR Jodal ,7;'4 O pCvastp, 4 Z’! N Tyn’ cﬂﬂ;f
-~ - 5
T 13 e Pd.“"‘ Crotols b, ladten ébpner-d#, g c:q.l; -i

—/f-z\-f- nent-ovde, +Feims i ey Hem, [ onin all 7(01 Covre chevus oF © sl
A

?’ /51-:. ,t-uluu. Evi =

Hu Tiau&fr: LHErgy e J s Yl sean
lepth Spacing .

Tl‘-‘-ﬁﬁ- Covrechtans are Ckf-caﬁ&d o be A.e,f;f:é{‘-
it meted p‘z.rr’-u/ﬁ tiat ave et Yoo small g e scde of Vo
Fcrm, Wgu‘(“.f’ztl (755'0 0 sty fga:‘!c@:\)

IM/MM fo..n,'f'-: E.-..J T,-«J /\);.;_5 Aﬁ_,v: io  sdecte pudex. m’y

shoedl net Lary antony  Fu delocalined orlutnd stecles i
.719‘4\. qwu’-ﬂm dgf

Thi i1 o gread sueplfeiaton.

Re states with o fived nvmber of electrons, Lou't Wwevpy aboct Ec
For r'r.fu(ﬁ-h‘. e-e ;ukﬂq_(,l—‘”f}

. SEY- AM resmtrmalizes 1o SMclkm-r sm{{
F;r &.‘?{")(Vk

sibtire e llyilie @@ sodovailoas 5 Ages >0

J—-h.JCfe 2 'l»(u./ Ptly! cead fej, totteS

g l\ J >0 , J < é_ s .nut?wc‘:b}n i e #M-cr‘o’c.o’((, /Jnu'f L_, t
E? a Paufaly fﬂl—, D‘{" N -2l o aﬂ,n 5%’ o ‘{'UMJ"-’M a{ot‘)

s —— 3) Tso , I> 5 . Fo_rr,w&ef-w:u

= ¥ I

-:___f, 2.) )\gc; so (T<o) . Pair - Covreladed Grovnd St .

3

Neoke - Tl “Unu:'c./u.j *&mf{onému rs upt %gmy Usniversdl. Foo nz:.-f-aut
¥ s ot 5+m.7hf1%nmrd o td.:aryay‘_ft Spin O bt pmtten cfns

'l"bﬁe‘ﬂuw (,u.ﬂ‘ dec,‘;‘vw -B{ecj‘@q Ji?‘t’.’a&k“fﬁ



‘) Wea & exihange inteoncHons asd HOR-Tero Spin Stmtes .

Vilew till 7;,&4,\(«»1 ot  hecorme Mq74¢_{-¢}_?
S #0 Ho G tven uv«hﬁd{-d"!ﬂ/’ﬂvtﬁ, ‘5#"-{". Yo odd

- Zedrtd, - 73"

_r(-‘- Eurwer Yo Y, 'fw-r!(‘!&h fuc: L Ca-uft\[-;'k‘;q -éﬁ""-vﬂn beetee ewciryy
Qued ual.u.,w_ entrgy .

For Bulk Sysltms : Stone Alodel

A‘”um \4:1 Jmﬂfcuﬁf equal leoc] JM, , een W of wlecisons
How do . binedei amd euﬁx«,—c ottt Mo BN #on-zere apen Dhdes

Cm/-t.r‘ Yo J=o ?

e By J— —."'j
— Ae————— e i

J )
-l - B ———
ot P e .--'—-5
i e —tthe -t
Se s=| 53 L S=19

ehy UE = 2 exbi KEe T+35c ¢ e KE= Y5+55:=9 §

exchange = ~T ('s‘-;‘\" ml...yt 2 —-:r(é‘ﬂ-)l Crchmae * -:Tc}sﬂ"‘

oo sueryy of +o PVWB ¥, gpn S (>70)

T Mo bolk lt is

E(s)7 55 -TFs*= (5-T)s*

Lr Fece Geyvment Cipect- J2o Sl

Se if T =< §
Crsect Fhe maxcmnl Tpea gt

£ T >3
(s v tHoe Stomen m;(ql:cz,)



Four 7.;4...-44-1 dots , iF s necessaclly fo  Compidon f /-’;(é;hzf of secall
5?#’2 Sdmidey J =i _2, efe, L, weed el 0&27 IO and /“r?‘ ¢&-1¢-{-m;<,
U-r.é{_u_, '7 f‘tu a'p.:d} b‘-’-%{_ jdt..(,// Loyl v 7/"”" 7% é,',o.(

upc/.m.u,h-f Conseguences,
resclt 1 (Clacged A at last 2z remsens

T stomedarl Ftomer Llodel
@) T cheated s Tau coliclatesn on i praviss page

S5 =T (3, thun alead,

I¥f £ (s)

Ss*~Tsis+1)
&

E(s) =
-r...l,ml‘ J

EC) wall be less Jtmw E(o)
e d maquetee Snles of Tmeall Tpont Clom e b lizes 4o wealio-
it tecdtons tham the TToner critewion T= 4

(If S were ambavews , The mtaninwm Cstera, wwold ba. GClicved by
At F SHesce.- /,;,}f( Fee groced sitmbe 7/;;1

SRy T
Poes Vo infiaily (d Hu weadel | bot it cam ABSuwme momzcin Louloes

a.[rg‘J? 541 J? E/L.]
Tle lesels

B row ~Cnelorm .

(P07 P9 3-2T <gor I3

Cb) Ia real Amﬂ,ﬁc[c’ , Tt lewel 9/“'
are ast Cou'.’/gu}, raadom = %rc 1% Serae M m,u[!iznq e
predicted by Vendow wmadix Ftvies . B ssws fevels will b
Closer ‘/-af-c{(cer Ylrmn oFhars .

TE Hu firrt excibed stoth b [ews Hwn Fa RUtrmye levrel 1,4«_“'7 &
absvt e 7/ou.~.£ 2 fnta - “Fhey Hecee B leas Luu'.-é"c ALy Cos
4o malie a ndH-Tero ppn  $Hh

.f“c-{tlwc’ :

Pl Fouun efal., Phys Rev. B o Ri3277 (1999)

H. . Bavanger edal. ;| Phyy Ree B 41, R2y2S (oce)
6’- u’ﬂ.} Osed Ma Bﬂm’.(rl ?L}" Rew 3 Cf_?, 12130% (ME'.S‘



Predicted probabilities of different ground-state spins from random
matrix theory (P. W. Brouwer et al., PRB 60, 13977 (1999).)
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In GaAs lateral quantum dots, there is evidence for non-minimal spin states
from several different experiments.
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Figure 4.2:

as expected.
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Non-minimal spin states also affect the
peak spacing and peak-height statistics,
and the temperature dependence of
Coulomb peaks.

Peak positions (a) and spacings (b) extracted from the low in-plane field data shown in Fig.
. Motions are consistent with Eg = :té.f!.“BH for the peak positions and Es = 0. £gug B for the spacings
The diamagnetic shift extracted in Fig

4.1(b) is removed [rom all data shown here.



Gate voltage [mV]

Au nanopatrticle
(F. Kuemmeth and K. Bolotin, Cornell)

FWHM ~ 140mK

N
N

di/dv
[nS]

Spin-degenerate levels are filled as in non-
Interacting system



Probable explanation: For GaAs, J/6 ~ 0.3, large enough to produce a

significant fraction of ground states with non-minimal spins.
For Al and Au, J/0 < 0.1, too small.

1 H 2 He
3 Li|4 Be 5 B[6 C[7 N[8 O[9 F |10 Ne
0.23 | 0.06—

0.08 /
11 Na|12 Mg numbers are J/5. 13 All14 si[15 P [16 S [17 CI|18 Ar
0,22 | 0.27- —0.05—

032 0.2
19 K [20Ca[218c[227Ti [23V [24Cr[25 M 26 Fe[27 Cd28Ni [29Cu]30Zn |31 G432 G433 Ad34 Se[35 Bi|36 K1
0.29-| 0.16 | 0.59-| 0.26-] 0.57- ~0.03-
.30 0.84 | 0.30 | 0.63 (.09

37 RH38Sr |39 Y |40 Zr|41 Nb|42 M43 Tc |44 Ry45 Rh46Pd |47 Ag|48Cd |49 In (50 Sn|51 Sb{52 Te|53 T |54 Xe
030 | 0.00-| 053 | 0.16-| 039-| 0.13—| 0.24 | 025 | 0.41-| 0.84— | 0.02-
0.15 020 | 042 | 0.19 0.44 | 0.89 0.07
55Cs|56 Bal 57La| 72Hf] 73 Taj74 W|75 Re{76 O477 Ir |78 Pt|79 Au|80Hg|81 T1|82 Pb83 Bi|84 Po|85 At|86Rn

0.184 0.22 | 0.52 0.18] 036 | 0.10 | 0.15 | 0.17 | 029 | 0.59-] 0.06
.36 0.20 0.72

87 Fr|88 Ra489 AcflO4 105 [106 107 [108 J109 110 (111 112|113 (114 |115 (116 |117 |1I8

Other metals span a wide range of different exchange strengths, and
remain to be explored.

Gorokhov and Brouwer, PRB 69, 155417 (2004).
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Enhancement of pair correlations about the Fermi level.

Probability of partial
pair occupancy in
the superconducting
ground state
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J. von Delft, Phys. Rep. 345, 61 (2001).
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Micron-scale aluminum island
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Direct measurements of average charge on an aluminum island
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Same Al nanoparticle. I I !
Charge state changed
i V,=-1177 mV Mo 10 Mo
using a gate electrode. ~ 1000F Y97 m
c
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Odd to even transitions  © Vg=110 mv
0 JL ] ] ]
0.0 0.5 1.0 1.5
Energy (meV)
1500
Even to odd transitions & 1000
>
©
= 500} -
0 ] ] ]
0.0 0.5 1.0 1.5

Energy (meV)



energy (meV)

energy (meV)
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Ny to np+1
transitions from odd to even # of electrons

0.5

0.0

1 2 3 4 ) 6 7

transitions from even to odd # of electrons
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H (Tesla)

Note that transitions
are continuous kinks,
not discontinuities.
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Ferromagnetic nanoparticles
Low field behavior

—~3.0

% 2.5

Ez.0
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W5 5 :

-375-250-125 © 125 250 37% -375-250-125 0 125 250 375
Magnetic Field (mT)

schematic - No more simple Zeeman splitting -- internal
sketch: magnetic field.

- Strong coupling between energy levels and
magnetic moment.

- More levels than expected for particle in a box,
due to the effects of spin waves.

» Detailed microscopic picture of the effects of
exchange interactions and magnetic anisotropy.



Energy (meV)

High field behavior

8-7-6-5-4-3-2-10 1 .0 -0.5 _0.0_ 0.5 _ 1.0
Magnetic Field (T) Magnetic Field (T)
*‘Non-monotonic shifts of energy levels

*One sign of slope at high field.

Typical level spacing is ~0.2 meV -- much smaller than estimates
based on independent-electron model.
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Anisotropy varies from state to state

Explains:
*The different energy shifts for each tunneling resonance.
*The form of the non-monotonic dependence at low field.

AE/K
=
e M :
v H/k
L -20 -10 10 20
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