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Table 1. List of key times in the early Universe in terms of

temperature, redshift and time. We are assuming the reheating
temperature was sufficiently high and that each phase transition Quark-Gluon Plasma
occurred in a single step. A large baryon chemical potential in
the early Universe can also change the time of the QCD phase
transition slightly and the temperature at which the eleciroweak ure FAIR Experim
phase transition occurs has some model dependence.

T(GeV) t(s)
Critical Point
Electroweak transition ~20-200 10~ W
QCD transition 107t 107 acron s Superconductor
Big bang nucleosynthesis 1074 10°
Recombination 1010 1012 Matter _ Neutron Stars

900 MeV
Baryon Chemical Potential

.
L
(/ l/ l‘l) CO,SW/O O %\K Figure 12. Phase diagram of QCD as a function of temperature and baryon chemical potential. Note that in the absense of a large

chemical potential the QCD is expected to have a crossover transition. Reproduced from [294] with permission.
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Figure 1. Evolution of an example potential with temperature with a 2nd order phase transition given in the left panel and 1st order phase
transition in the right. The point where a new minimunm appears away from the origin is called Ty. The critical temperature where the
minima are degenerate is 7. The nucleation temperature defined as the time where there is at least one critical bubble per Hubble volume is
given by Tiy and the temperature at which the phase transition completes is denoted T
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Table II. Various free energies for the magnetostatic case. We have written
the magnetic field part of the energy in terms of the separate contributions

Q/M Cj from the bound and free currents. In this way we clearly see that the differ-
d ( E l E_.o/‘/ j& + { H-' ) \/ ent Hamiltonians and free energies differ as to which parts of the magnetic
/1 field energy, (%)fdx(B§+2Bb B, +B.), are included. The first entry in

‘éﬁ'- the table is the most useful because it includes all the terms in the Hamil-
[W% 5r' w l"ie— tonian associated with the system. Furthermore, the expression for &F,

— +{— also gives the work done on the material if it is moved in the external field.
dM > F
Ma:l’ ét@" R /4 -H.

d T rwo:l‘ = = sdT + Hﬂd” o-lewfkai Hau=Ho({P— qA})+1 f dxBl  Fu.=— deM'aBext [6.12]
E#wv" tmw{—-/' H wa yf’- M un?t'l' =Hy(ip—gAD+ 5 f aF, jde -G 16214
F ook = Frood «HH=>JEW"3AT‘ Mdk B

L K(Bj+2B,: ext)
Free energies in the presence of electric and magnetic fields

Onuttom Narayan® and A. P. Young = o o = :
Department of Physics, University of California, Santa Cruz, California 95064 H‘:Dmb HU({p qA}) + 2 i3 JFme axHL 4R [3]

(Received 14 April 2004; accepted 24 September 2004)

Hamiltonian Free energy change

X(Bi+2B; B, +B.)

We discuss the different free energies and Hamiltonians for materials in static electric and magnetic
fields and which choice is the most appropriate for statistical mechanics calculations. We also
discuss the relation between the various free energies and the Landau function which has to be HD ({P 4q A}) SFg=— dxM- 5B

minimized to determine the equilibrium polarization or magnetization. © 2005 American Association of
Physics Teachers.
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{ The family of two-dimensional (2D) materials grows day by day, hugely expanding the scope of possible phenomena to be

! X explored in two dimensions, as well as the possible van der Waals (vdW) heterostructures that one can create. Such 2D materi-
' als currently cover a vast range of properties. Until recently, this family has been missing one crucial member: 2D magnets. The
' [ situation has changed over the past 2 years with the i i f a variety of i thin magnetic crystals. Here we will
\ % W’Q‘ % OW/‘/' m discuss the difference between magnetic states in 2D materials and in bulk crystals and present an overview of the 2D magnets

that have been explored recently. We will focus on the case of the two most studied systems—semiconducting Ctl, and metallic
Fe,GeTe,—and illustrate the physical phenomena that have been observed, Special attention will be given to the range of new

I\) E v EK \ H E Lt S S 2 D M A-— ER‘ [A LS # M A é ,\_)E ] 5 8 \r::; :Ieyr::::rl‘sd Il::;t:;:tructures that became possible with the appearance of 2D magnets, offering new perspectives in this
NATURE NANOTECHNOLOGY

a Spin dimensionality b
;
g ¢ 17 4 : . - 1.00{ 0O-0-0-0-0-0-0-0n0(
= = % % e
= o 0757 o7 ik A/
X X
E y / —0O— &rl
T T g 0.501 5 —— Fe,GeTe
‘c T FT T T a / 3 2
w " " = A Fe,GeTe,
16 Lo / CrGeTe,
Tier A —0— FePS,
L ! i T 0.00 : ; ; .

2 4 6 8 10
Number of layers

Fig. 1] Role of spin dimensionality and evolution of T.. a, A spin dimensicnality n =1 means that the systern has a strong uniaxial anisctropy and the spins
point in either of the two possible orientations Cup” or ‘down’) along a given direction. The systern behaves effectively as if it had only a single spin component
along the easy axis, and the underlying spin Hamiltonian for localized spins is called the Ising model. The case n = 2 corresponds to an easy-plane anisotropy
that favours the spins to lie in a given plane, although the orientation within the plane is complately unconstrained. The spins can thus be considered to have
affectively only two components (assaciated with the two in-plane directions), which are successfully described within the XY model. Mote that in this case y
— oo for T< Typ. Finally, for isotropic systems, n= 3 and there is no constraint on the direction of the spins. The underlying spin Hamiltonian in this case is the
isotropic Heisenberg model. b, T, (normalized to bulk T30 for the particular material) as a function of the number of layers. Data for Crl; adapted from ref. #,
SML; for FeyGaTe, (rad curve), ref. 55, SML; for Fe,GeTa, (orange curve), raf. 4 SNL; for CrGaTe,, ref ¢, SNL; for FaPS,, ref. @, American Chemical Society.

Table 1| Critical behaviour from 2D to 3D

Model 5 y v & T,
MT<D o]’ xolt™ o |t M) o B|*
20 Ising 1/8 7/4 1 15 20/ In 1+ J2)7 (ref )
3D Ising 0.3265 1237 0.630 4789 TP 0 CU Ay (raf 1°8)
3D XY 0.348 1318 0.672 4787 Ter+ € PWTInC i) 1° Cref. %)
30 Heisenbearg 0.369 1.396 0.7M 4783 C )L (refs, 15T
Mean fisld 0.5 ] 0.5 3 SCS+ D2t + 2 02] A kg (ref. 19

Critical exponents governing the behaviour of magnetization (M), susceptibility () and correlation length (&) as a function of the reduced temperature, t=T/ 1.1, or the magnetic field B, for different
modelsin 2D and 20 Mot all the critical exponents are independent, as they are related by scaling relationships™ such as y=p(8-1) and 2f4+y=dv, where dis the space dimensionality, Whereas the critical
exponents for the 2D Ising model and mean-field theory can be determined analytically, for the other models they are results of numerical calculations™ In 20, the critical exponents can be rigorously
defined only for the Ising model, which is the only one displaying a standard phase transition to long-range order at finite T.. Because long-range order in the 2D XY model is suppressed only in the
thermodynamic limit, finite-size samples can sustain a non-vanishing magnetization, andits critical behaviour has been experimentally observed (for example in Rb,CrCl, (ref. 753, with a corresponding
critical exponent™ Be20.23. For each rodel, an expression for the critical termperature Tis also provided (Cis a numerical coefficient, 5 is the spin on each site, and z and z, are theintra- and interlaver
coordination numbers, respectively), assuming in the 3D case a layered structure with [ 4] < 1(see Box 1), where Jis the intralayer and J, the interlayer exchange coupling In the case of the 2D Ising
madel, the argument of the logarithm depends on the lattice type, and the reported expression refers to a square lattice
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. +1 0 -1 +1 0 -1 +1 0 -1
Pp——_—— = — = = —

s+ % 4
Li Be B

A+ HEE Hat

5 - 5
N O F

N$S=2L=0,0=1L=1),F=1L=1),Ne(S=0,

Table 7.1. Atomic spin states according to Hund’s rules.

Total spin S, orbital angular momentum £, and total angular momentum J numbers for
the I =2 (d shell) and I =3 (f shell) as they are being filled by »n electrons, where
1 =n<2(21 +1). Of the two expressions for J, the — sign applies for n < (2/ + 1)
and the + sign applies for n > (2 + 1). The standard spectroscopic symbels, P51 X,
are also given with X =S, P, D, F.G, H, I for L. =0,1,2,3,4,5, 6. For the 3d-shell
transition metals and the 4 f-shell rare earth elements we give the calculated (py) and
experimental (p..p) values of the effective Bohr magneton number; note the icnization
of the various elements (right superscript) which makes them correspond to the indicated

state.

/‘—3
I n S=|Ys| L=[}L] J=I|LFs§ @K, P Pewp
2 1 12 2 3/2 D3 TiRH 1.734 18
202 1 3 2 R, v+ 2,837 2.8
2 3 3R 3 32 ‘Fp  Crt 3879 37
2 4 2 2 0 Dy Mn*t  4.90° 50
2 5 512 0 572 6850  Fet 5920 59
26 2 2 4 D, Fe*t 4909 54
27 32 3 9/2 YFhp  Co™ 387 48
2 3 1 3 4 3F, Ni2t  2.83¢ 32
2 9 12 2 572 2Ds;,  Cu?t 1730 19
2 10 0 0 0 15, Znt  0.00
301 12 3 572 2Fsp Ce* 254 24
32 1 5 4 *H, pri+ 3.58 35
303 32 6 9/2 Lo, Nd*+ 362 35
3 4 2 6 4 5 Pm?*t  2.68
3 5 5P 5 52 SHsp,  Sm*t 0.84 1.3
36 3 3 0 Fy Eu*  0.00 34
37 72 0 7/2 8810  Gd¥* 794 8.0
3 8 3 3 6 TF, To*  9.72 9.5
3 9 512 5 1542 SHisp  Dy** 1063 106
310 2 6 8 51s Ho* 1060 104
3011 32 6 1572 s BOY 959 9.5
3 12 1 5 6 H, Tm?*+  7.57 73
3 13 12 3 742 2B YD 454 45
3 14 0 0 8 15 Lu* 000

% Values obtained from the quenched total angular momentum expression (L =0 =
J =.5) which are in much better agreement with experiment than those from the gen-
eral expression, Eq. (7.8). Source: [74].
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Figure 7.1. Schematic representation of the filling of the 2s and 2p electronic shells by
electrons according to Hund’s rules. The resulting total spin and orbital angular momentum
values are: Li:(§ — %, L=0), Be(S=0,L=0), B:(§ = %, L= ], CyS==l, L = 1)
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FIG. 4. Possible configurations of Os spins on the honeycomb
lattice: (a) ferromagnet (FM), (b) Néel antiferromagnet (NAFM),
(c) stripy AFM (SAFM), and (d) zigzag AFM (ZAFM). (e) Change
of total energy Ey as spins in FM* configuration in (a) rotate within
the xy plane.
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Box 1| Examples of magnetic configurations of vdW layered materials

The strong geometrical anisotropy of vdW layered crystals—which
leads to a significant difference in magnitude between intralayer (/)
and interlayer (J;) exchange coupling—also manifests itself in dif-
ferent kinds of interlayer spin alignment found in different mate-
rial systems. Here we illustrate different examples, along with ex-
perimentally reported materials realizations. Semicenducting and

metallic compounds are distinguished with different colours; the
scheme does not illustrate the magnetic anisotropy of the different
materials (forinstance, in the bottom right quadrant, Crl,and CrCl,
are both layered antiferromagnets with all spins ferromagnetically
ordered in each plane, but whereas in Crl, the layer magnetization
points perpendicular to the plane, in CrCl, it lies in the plane)''*'#,
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FIG. 1: {Left column) Functional magnetic resonance imag-
ing (fMRI) experiments have revealed that the brain at
rest is organized into several areas in which fluctuations of
brain activities are correlated, so-called resting state networks
(RSN). From top to bottom: Medial visual (VisM), lateral vi-
sual (VisL), auditory (Aud), and sensory-motor (SM) RSNs.
(Right colunms) Results from the work of Haimovici et al.[1]
show that a simple model can reproduce the statistical prop-
erties of RSNs only if the model is tuned to criticality (at
). (A, Haimovici et al,, Phys. Rev. Lett. (2013))
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Relatively recent work has reported that networks of neurons can produce avalanches of
activity whose sizes follow a power law distribution. This suggests that these networks
may be operating near a critical point, poised between a phase where activity rapidly dies
out and a phase where activity is amplified over time. The hypothesis that the electrical
activity of neural networks in the brain is critical is potentially important, as many simula-
tions suggest that information processing functions would be optimized at the critical point.
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FIG. 2 (color online).

Size (N)

The cormrelation length & of the activity

in the model near T, increases with the cluster size (), as
reported for human brain data [17]. Panel (a) shows the corre-
lation function C(r) computed from human data (Exp} and from
the model at T, {colored lines are used for the different clusters).
The correlation length ¢ is the distance » where Cir) = 0, (range
denoted with the arrows). Panel (b) shows the & values for the
functions plotted on panel (a), demonstrating that &~ N'/3
(dashed line), both in the experiment and model data.





















