Kapitel 2

Magnetism

2.1 Coupling of matter to a magnetic field: Diama-

gnetism and paramagnetism

An external magnetic field can couple to matter and electrons in two different ways (we
consider the non-relativistic case):

(1)

through the minimal coupling, expressed as
— — e >
P = A, (2.1)

where p is the momentum of the electron and A is the vector potential of the
electromagnetic field,

and through the spin of the electron, as

—u-Br~pgd- B (2.2)
, with

p=—gupS/h=—gupd/2 ~ —ppd (2.3)
where g =~ 2 is the gyromagnetic factor for the free electron and S = g"&,

B = % >0

is the Bohr magneton and & are the Pauli matrices.

We will be using throughout the course atomic units. Since the distance between
atoms in solids is of a few angstrom, the natural lengthscale is the Bohr radius ag:

2

ap = — = 0.5 angstrom = 0.5 x 1078 cm.
me

The energy scale is given in

4 2
me — 6_ — 043 X ]_0_10 erg = 2 Ry = 272 eV.

Ey=——r
0 h? Qo
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The minimal coupling (2.1) is responsible for the diamagnetism in the system. The coup-
ling to the spin, eq. (2.2), is the Zeeman coupling and is responsible for the paramagnatism
in the system. From equations (2.1) and (2.2), we can write the Hamiltonian of an electron
in a magnetic field B as

(p - _A> eh — ehQ 1dV -
H — 7-B - l + V(r 2.4
2m 2mca + 4m?c2 r dr ("), (2:4)

S

spm—orblt coupling

where V/(7) is the lattice potential. This Hamiltonian can be derived out of the Dirac
equation.

Let us consider a static magnetic field applied along the z direction:

B = (0,0,B),

B . 1
A = —(Bxr)= 5(—By, Bz,0) (symmetric gauge)

and

-20)" - oo )

c
N eB e2B?
= p?+ 5 P2y +ype = Py —apy) + 5 (=% + %)
Then, the Hamiltonian (2.4) becomes
-2 2 p2 2
P e“B*, 9 eh® 1dV -
H=— [, 2B [- V 2.5
2m+uB( +o2) +8mc2($ +y)+4m2c2rdr d (") (2:5)

We note that

h 0 0
L, = wpy—ypx—;(xay yax) hl,,

19 0
== T \Tay Yoz )

h h(f1 0
S = 5"2‘5(0 _1)-

Here, L = Al is the orbital angular momentum and S = 20 is the spin. From eq. (2.5), we
have that the external magnetic field couples linearly to the orbital angular momentum
and the spin.

How does the system react to the application of external magnetic field? It is to be expec-
ted that the system will magnetize, therefore we should analyze the thermal expectation
value of the magnetization:

- 0
M ={i) = T 1) = ——_,F y
(1) = Tr(pfi) 5
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where Fy is the free energy density of the system that can get magnetized. Reminder:

dFg = —SdT — MdB.

The static (isothermal) magnetic susceptibility is then given by

oM, o 0

aB — = - F )
Xeb = 9By ~  0B;0B, °

where X, is a tensor with components o and /3. If we consider the equilibrium state, to
which the system relaxes after application of a magnetic field, we can handle the system
within equilibrium thermodynamics:

Fg = —kgTn Z e PEn

Here, FE,, are the eigenvalues of the electron system in the presence of the external magnetic
field. Then,

- 0Fy —1 oF
M=_1""= teBEn
aB Zn e*/BEn Z 3B

which corresponds to

. . - eﬁ -
M = (i) = —pp(l +7) =

The magnetization is obtained out of the thermal average of the magnetic moment [i.
Since the electrons have negative charge (e < 0), the total magnetic moment has the
opposite sign to orbital (L) and spin (S) moments.

If B = (0,0, B), then
) 1 1 [(0E,\> O%E
— _M — _ n — n _BEn
X2 = 9B z;(kBT(aB) 8BZ>6

2
1 OLu o,
2%kpT \ 4~ 0B

with Z =Y e P being the partition function in the canonical ensemble.

In order to obtain the eigenvalues of the Hamiltonian (2.5), we apply perturbation theory
up to the 2 order in the magnetic field (see QM II course). The result reads as
E, = E,+ugp(n|l.+o.ln)B
e? B? 9 9
@+ gP)n)

Z |(n|l, —l— az|m)|QB2

m#n

+

Y
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where Fy are the eigenvalues of the unperturbed Hamiltonian
In the limit B — 0,

or,
58 pup(n|l, + o.n),
0*’E, e? |(n|l, + o.|m)|?
55 = ame W ) 2 Y P (26)

m#n

In the absence of collective magnetism due to interaction among the electrons, we have
for B — 0 that

0B, g0
M =- Z 9B © - ZZeﬂE B(n|l: + o:|n) = (u=) =0,

i. e., the magnetization disappears, since the magnetic moments thermally compensate.
From eq. (2.6) we can divide the static susceptibility into three terms:

Xzz = XC T Xvv + Xdias
with

,UQB Zn(<n|lz +02|n>)2€_ﬁEn _ </@>
]{?BT Zn e*ﬁEn k’BT

Xc = >0 (2.7)

being the paramagnetic contribution,

1 B l(n|l, + o.|m)|?
XV = A g > {@ D B (2.8)

n m#£n m

the van Vleck susceptibility and

62 ) ) 2
9 -
8mCQ<x +y)

Xdia = — (r*) <0 (2.9)

the diamagnetic contribution.

The paramagnetic contribution, eq. (2.7), is positive and has a 1/T-temperature depen-
dence:

1
Xc = —, with C==2— (n|(l. + 0.)|n)? —BEn

[}

being the Curie constant. Please note that even when the magnetization is zero, xc¢ is
different from zero and the system is in the paramagnetic state.

The paramagnetic contribution, eq. (2.8), is constant and positive since the eigenvalues
of the excited states |m) are larger than the ground state energy: E° > E?. This term
will be significant when

kpT < E° — E°
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i.e., at low temperature. For kgT > E° — E° the van Vleck term has a 1/T-behavior
like the Curie term.

The diamagnetic contribution, eq. (2.9), is negative, which implies that the magnetization
of the system for small fields has opposite sign to the magnetic field. This is a purely quan-
tum effect. It comes from the term p'— p — Eff Usually, the paramagnetic contribution
is larger than the diamagnetic contribution, but if the total angular momentum disap-
pears, there is no paramagnetic contribution and we are left with only the diamagnetic
contribution (see below). This is called the Larmor diamagnetism.

In this section, we considered one electron under the influence of a magnetic field. We
will generalize these results to a system of N non-interacting electrons.

2.2 Paramagnetism of localized magnetic moments

We consider a system of N atoms or ions with partially filled electron shells. The total
magnetic moment per atom/ion is given by

J=L+38S.
In this case, we are dealing with localized magnetic moments, which correspond to the

electrons in the partially filled shells and are localized on the atoms/ions, i.e. we are
dealing with insulators. Let us consider the following two cases.

1) The electron shell has J = 0, which would be so in, for instance, shells with S = 2
and L = 2:

—

J=L+3§,
\J|=|L—S|,|L—S|+1,...,L+8S,

J=|L-8|=o0.

In this case, the linear term (n|L+ S|n) disappears, and only the higher order terms
(van Vleck paramagnetism and Larmor diamagnetism) contribute.

2) If the shell does not have J = 0, the linear term does not disappear and will
dominate the magnetic behavior of the system. Please note that the ground state is
(2J + 1)-fold degenerate in zero field. We can define the magnetic moment as

=

T
H = .g:uBhv

in the following we will set A to 1 and therefore J will be dimensionless.

g |is the Landé factor

J(J+1)+S8(S+1)— L(L+1)
2J(J +1)

g=1+
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In the following we will be using g = g. We consider now the simplest Hamiltonian where
we neglect the diamagnetic contribution:

H = —Zﬁé: Zg,uBJzBa

with B = (0,0, B), and calculate the susceptibility for the N atoms:

Z = TrePH — Ty e PlignnBJ _ H Z e~ 9PnBBmM,

=1 mjy=—J

We make use of

n

1 — n+1
Zark = CLTTT (2.10)
k=0
then
s _ 1_N[ e—9nBBJ 1 _ eguBB(2J+1),3)
L 1 — e9kBBB

i=1

e9rBB( (J+3)8 _ e —gupB(J+3)B

N
o Hl eg:u‘BBBQ —e g/—"BBBQ
1=

Then, the free energy is

e9nsB(I+3)8 _ o—gupB(J+3)8
F=—-kgT'InZ=—-NkgTIn

e9nBBBy _ o—gnpBB3

and the magnetization

M = —a%F,
M = Ngugp ((J + %)coth (Bg,uBB(J+ %)) — %COth <gu3ﬁ%>)
= NgupJB,;(gJupBp),
where
B;(z) = 2J2:|]_ ! coth <2J2}_ 195) — % coth <%)

is the Brillouin function. This function is shown in Fig. 2.1. For # < 1 it is linear and for
x> 1B;(x) - 1 and M — NgugJ, the saturation magnetization.

For small magnetic fields,
coth(z) ~

+-+...

K|
Wy
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Abbildung 2.1: The Brillouin function.

so that

1
BJ(JJ) ~ (1 + 7) g,

J+1 JB 2J(J+1
g 1B BB\ (ops)J(J +1)

M~ N N B
J 3 3kgT
and
M| (gup)*I(J + 1)
X oB B—0 - 3kpT
C ) J(J+1)
- = — with C=N=22_—~ 2,
X T Wil s (g1B)
For spin—% systems,
12
J=85=—-, g=2, C=NZE,
kg

Then,
Bi/2(z) = tanh(z)

and

upB
M = Npptanh
pip tan (k:BT)
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2.3 Pauli paramagnetism of conduction electrons

In the previous section, we considered localized moments. In the present section, we shall
deal with conduction electrons in a metal. The electrons have a spin and the application
of a magnetic field induces their magnetization. Therefore, we also expect a paramagnetic
contribution from the conduction electrons.

Let us consider a minimal model where the spin of the conduction electrons is coupled to
an external magnetic field:

H= 25126” cg, + 1B Z X Cm) (2.11)
The z-component of all electron spins is

1 1
_ 1 T _ 1 of
S, = 5 E (CETCET — cmcm) ) E (CETCET k¢ck¢)
R k

and

pe = —gipS: = —liB Z CkT Lck‘i)

We calculate now the magnetization due to the application of an external magnetic field
B = (0,0, B):

M = = —HB Z Cm kick¢>> (2.12)

The Hamiltonian (2.11) can be rewritten as

H= Z(&tk + upB) cq Car Z — pupDB) ca CE

so that we have free electrons with slightly displaced one-particle energies: € + upB (see
Fig. 2.2).

Therefore, the expectation value in eq. (2.12) can be calculated through the Fermi func-
tion:

M = —MB/dff [f(e+uB)po(e + upB) — f(e — upB)po(e — upB)],

where pg(e) is the density of states of the free electrons. For small B, we perform a Taylor
expansion:

M = —QMZBB/de po(a)% = ZMQBB/ds po(€) (—%) : ZJ; d(e—er).

Then,

M = 2413 Bpo(er)
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Abbildung 2.2: Energy spectrum of the conduction electrons in an external magnetic
field.

and

XPauli = 245p0(cF)

is the Pauli susceptibility (only valid for small B). Therefore, one expects in metals at
low temperature a constant contribution to the susceptibility.

2.4 Landau diamagnetism

In the previous section, we dealt with the coupling of the spins of conduction electrons
to an external magnetic field. The conduction electrons have also a well defined p, and
therefore we will also have a diamagnetic contribution due to the diamagnetic coupling
to the magnetic field:

e —
Fop— A
C

In order to analyze only this coupling, we consider spinless fermions in a magnetic field.
In this case, the Hamilton operator is

. i(@-— ;:(m)

=1

1 e, -
= — | i — -Di A7) —
§ 5 (p 2 (73)

1

- 62 oo,

ol ®

For the magnetic field given as B= (0,0, B) and the Landau gauge,

—

A=(0,Bz,0), divA=0 = pA=Ap,

the Hamiltonian reads
2 2 2 2 2
Pia Diy D eB e"B* ,
H= Sy WLl g+ ——a
; (2m T om T om T e T gt
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Since we are considering non-interacting electrons, we concentrate on the H for one elec-
tron:

2 2 2

Pz m. o Dy Dz
H ==+ — e —= |,
2m * 9 o (x mwo) * 2m

eB
me

Wy =

is the cyclotron frequency, which corresponds to the classical frequency of particles in
a magnetic field due to the Lorentz force in the xy plane. We consider the following
one-particle wavefunction:

U(7) = Co(x)ekvvelk==,

Here, C' is a normalization constant, and the y- and z-dependences are given in plane
waves since the Hamiltonian does not depend explicitly on either y or z. Then,

2 hk, \? hk2 o
HY(F) = (p—z—l—mwg (x— y) + —2 | Cop(z)e*vveik==

2m = 2 mwo 2m
= ECp(x)e*vveik==,

We are left with a displaced harmonic oscillator for the x coordinate:

() = pn (x _Axo) ,

where

hk,  hck,

mwo eB’

h he
A= 4 =1/—.
mwy eB

¢(z) are the Hermite polynomials. The eigenvalues of H are

1 h2k?
En,ky,kz = ﬁwo (n + 5) + -

2m

Trg =

with n being the Landau quantum number.

Instead of free electrons with dispersion

h2k?
&g =

om’

we now have free electrons with one-particle energies E, , k., Which are determined
through three quantum numbers: the Landau quantum number n, £, and k.. The energy,
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however, has no explicit dependence on k,. Therefore, we have degeneracy in the Landau
level. This degeneracy is determined from the following condition for z:

hk,
mwo

Ty = < La:

On the other hand, we have periodic boundary conditions in y:

2
k,=—-1, with [, € N.
Ly
Then,
21h mwoL, L
l, <L, = [, <———*
mwoLy, ¥~ Y= 2rh

which implies that the number of allowed [,,, defining the degeneracy of a Landau level, is

mwoLyL, |e|BL,L,
o2rh ¢ 2mh’

Let us calculate the contribution of the Landau diamagnetism to the susceptibility by
considering the thermodynamic relations. We can work either in the canonical or in the
grand canonical ensemble:

¢ = —Qk?BTZ In (1+ e_ﬁ(sa_“))
L e|BL L, .
- QkBTQWﬁ/ , nZl (1+e )

= _kBTZ@Z/de In |:1_|_e—5(hw0(n+é)+h2:lz ) 7
n=0

212 h? ¢

which can be written as

—lelkpTV B & 1
27T2ﬁ2 ?nzog(u_hWO(n_‘_ 2))7

d —

where

h2K2
g(p—x) :/dkzln (1+66(“ " )).

In order to perform the sum over the Landau quantum number, we can use the Euler-
Maclaurin formula:

;F(n—l—%) = /OOOF(x)dx—i- 2—14F'(0).

Then,
Z — Tiw n—l—l)) = /OO ( —mx)d:wrii (z)
AV of B = ; gl 0 24d9 Y
1 fiwy d
= o) = 5P )]




with y = p — hwpx. The grand canonical potential then becomes

kgTm o (fwo)? d
@ pr— _— —_—_—
el / dy 9(y) — 5, dyg(y)

—00
B—independent

It can be written as
h2e?B? 09?

=T, ) = 57— a_;ﬂ%(T’ 1),
with
(T, 1) = ZBQT);LV dy () ’;BZ;Z: / dy/dk; In (1 +ef
Then,
M= _8_<I> _ e’h? 0%,
0B  12m2c¢? — Ou?
and

_OM elnt 0P
XT 9B T 12m2e ou?
Therefore, the Landau susceptibility is

1, 820,
XLandau — 3 Hp 8#2

72 K2
—2775)) )

For &, we directly take the grand canonical potential for free electrons without magnetic

field:
(IDO = —QkBTZIII (1+6_/8(5’5_M)),
k
00, e~ Bleg—n)
o —2%:—1+6—ﬁ QZeﬁ@g—u
= _QZf(EE)v
k

82<I>0 df T—0
G = 2

Then,

XLandau = — 5 XPauli

3

The total contribution of the conduction electrons to the susceptibility is

2
Xtotal = gXPauli

and it is paramagnetic.
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2.5 De Haas van Alphen effect

The de Haas van Alphen effect is the periodic variation of the magnetic susceptibility
as a function of the inverse of the magnetic field. With this effect one can measure the
Fermi surface of metals as well the effective mass of conduction electrons. The De Haas
van Alphen effect is based on the energy quantization of the electrons due to the external
magnetic field.

Let us consider the k, —k, plane perpendicular to the magnetic field. Without application
of a magnatic field, both k, and k, are good quantum numbers, i. e., the electronic states
are characterized through lattice points in the k, — k, plane. In a magnetic field, the states
are degenerate and characterized by the Landau quantum number n. There are

le| BL,L,
2mhe

degenerate states with energy fuvy(n + %)

In order to understand quantum oscillations in the presence of a magnetic field, let us
consider the two-dimensional free electron gas in the x — y plane and a magnetic field
applied along the z-direction. The Landau states are quantized and, since there is no third
dimension, there is no continuum contribution. The energy eigenvalues are

1
En = hwg(n + 5),

and the degeneracy for every level is

mwoLyL, |e|BL,L,
pr— pr— B
21h 2mhe p=

with
_]e\BLxLy
- 27he

If we have a system of N electrons, pBng electrons fill ny Landau levels, and the remaining
N — pBny electrons fill the (ng + 1)™ level. The total energy is then given by

nog—1
1
Eioi = Z pBhwy(n + 5) + hwo(N — pBny).

n=0

For larger B, the filling of the (ng+1)™ level decreases linearly. The situation is graphically
expressed in Fig. 2.3.
If

the (ng+1)™ level won't be filled anymore, and the Fermi energy is then at the ng ™ level.
Therefore, for the total energy and magnetization we expect a %—periodic behavior.
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Abbildung 2.3: Filling of the Landau levels in different magnetic fields.

2.6 Quantum Hall effect

Since in two dimensions only discrete highly degenerate Landau levels are present, one
can in such cases analyze the Landau quantization in detail. The density of states of a
two-dimensional spinless non-interacting electron gas in a strong magnetic field is given

by

B mwoLy, L

paa(E) = L ;5 (E ~ hup(n + %)) |

This density of states consists of delta peaks at the Landau energies fuwvy(n + %) weighted
by the degeneracy.

With the help of semiconductor physics, it is possible to create a purely two-dimensional
electron gas. This is done on heterostructures of p-doped GaAs and n-doped Ga;_,Al,As.
Using the molecular beam epitaxy (MBE) technique, one can grow alternately the two
semiconductors in order to form a heterostructure. Each layer has a width of about several
nanometers. Ga;_,Al,As is n-type doped, which generates extra mobile electrons in its
conduction band. These electrons migrate to fill the holes at the top of the GaAs valence
band and partially end up as states near the bottom of the GaAs conduction band. There
is of course a positive charge left on the donor impurities which attracts these electrons
to the interface and ”bends”the bands. This is the source of electric field in the system.

The transfer of electrons from Ga;_,Al,As to GaAs continues until the dipole layer formed
from the positive donors and the negative inversion layer is sufficiently strong. This dipole
layer gives rise to a potential discontinuity, which makes the Fermi level of GaAs equal to
that of Ga;_,Al,As.

The electronic states perpendicular to the separation layer are localized so that in the
layer between GaAs and Ga;_,Al,As there is a two-dimensional electron gas.

A possible way to investigate this two-dimensional electron gas is by considering the Hall
effect. For that we shall introduce this effect briefly.

Reminder: Hall effect.
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Abbildung 2.4: The scheme of the energy bands of the Ga;_,Al,As/GaAs heterostruc-

ture. The charge density of the system is ~ 10'* cm =2,

Under application of an electric field along the z-direction and a homogeneous ma-
gnetic field along the z-direction, the electrons in a conductor of length L, and width
L,,, moving at velocity v, in the z-direction, feel a Lorentz force in the y-direction:

FL = EU:,,;B
c

The charges bend in the y-direction until the created E,-field compensates the

Lorentz force:

Uy J.B 1 1 U,
E, =-2*B= - B =
v c nec  mnecLyL, L,

A

Here, U, = Uy is the Hall voltage, which is measured. It is determined by

1B
UH == THL—x.
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The proportionality coefficient ry,

is called the Hall coefficient and can be either positive or negative depending on
whether the carriers are electrons or holes.

In the classical Hall effect, we have that the Hall resistance U—IH is proportional to the ma-
gnetic field. In the two-dimensional electron system that we introduced, for large enough
magnetic fields and low temperatures, this proportionality is not anymore fulfilled. In fact,
what is observed is that the Hall resistivity p,, shows steps and plateaux at quantized
values of ic%, where ¢ is an integer. p,, is not linear in B, but remains constant over a large
interval of B and jumps at a critical B to the next quantized value # (see Fig. 2.5).

pxy (kQ) =2

B (Tesla)

Abbildung 2.5: Schematic representation of the measured Hall resistance.

While the Hall resistivity shows quantized values, the longitudinal resistivity p.. = 0.

In the basis of the Landau states, the matrix elements of the current operator are given
by

: e [mhw
<nl€y|jx|lk‘;> R 0 <~/n + 1571’1_1 — \/5571’“_1) 6kyk’ ,
m 2 v
) h
(nkyljyllk,) = —ewoy) S (vn + Loni—1 + \/55n,z+1> Oy k-

Out of these matrix elements, one can derive the Hall conductivity:

e? e?
As a function of the Fermi energy, the Hall conductivity of the two-dimensional electron
gas in a magnetic field follows a step-like behavior. The quantized values for the Hall
conductivity are the values, where the Fermi energy falls in the gap between two discrete
Landau levels.
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E (hwy)

There must be a mechanism that explains why the Fermi energy either remains in a gap
between two Landau levels or in a region of occupied states and the current-carrying state
does not change as a function of magnetic field.

Two-dimensional systems are not completely perfect, but have impurities and impurity
scattering is possible. Through this impurity scatering and, in general, a disorder potential,
the degeneracy of Landau levels is lifted and the Landau levels extend to Landau bands.

If the disorder is not very strong, there are still gaps between the Landau bands for various
Landau values n. In every Landau band, there are delocalized states in the middle of the
band, i.e., where the original eigenvalue fwg(n + %) resided, and localized states at the
boundaries of the Landau bands. The localized states do not contribute to the current
transport, which means that when the Fermi energy is in the region of localized states the
diagonal conductivity o, disappears and the non-diagonal Hall conductivity o,, keeps
the value that it takes in the gap between two Landau levels. Without disorder we cannot
account for the plateau nature of the quantum Hall effect.

The observation that in the quantum Hall effect the quantization of the conductivity is an
integer multiple of a universal constant means that this behavior can only be dependent
on a very robust property of the two-dimensional systems: the geometry. The quantization
of the conductivity is obtained in a one-dimensional channel. In the quantum Hall effect
current arises from the states at the edge: EDGE STATES.

Up to now, we have talked about the integer quantum Hall effect. When the quality of
samples is high enough, at low 7" and high B one observes non-integer steps:

h
Pzy = ﬁa

with f = § (p and ¢ are integers, ¢ is odd). In order to understand the fractional quantum
Hall effect, one has to include electronic correlations. The excitations in such a system
can be described through quasiparticles with non-integer charge. Laughlin won the Nobel
Prize in 1998 for suggesting an ansatz wavefunction to describe the fractional quantum
Hall effect.
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