VOLUME 27, NUMBER 19

PHYSICAL REVIEW LETTERS

8 NOVEMBER 1971

ciated with nongravitational fields of any integer
spin.
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In huge magnetic fields (B 210!? G) matter forms a tightly bound, dense (210%g cm™9)
solid with properties of a one-dimensional metal and a work function of the order of a
keV. Electron field emission from the sharp surface of a pulsar is much easier than ion
emission; it is estimated to be cut off when the stellar rotation period exceeds several

seconds.

The enormous magnetic fields (B~10'%~10'3G)
which are assumed to thread the surface of ca-
nonical neutron stars (pulsars) dominate the
motion of electrons and the structure of matter
in the stellar surface. The form of such matter
and its properties are discussed below, together
with a possible consequence for pulsar observa-
tions.

In minimum-energy degenerate eigenstates for
electrons in a uniform magnetic field B the par-
ticles are effectively confined to move in tubes
of radius

i<m;‘c3>ﬂz~ 2.6x10°*

P=mc\ TieB B2 cm. (1)
around a flux line. The infinite degeneracy as-
sociated with the arbitrariness in position of
the flux line is most conveniently exploited in
problems with cylindrical symmetry by using

cylindrical eigenstates of approximate radius
p,=@n+1)Y%H (n=0,1,2,+-+) (2)

on which the electron motion is centered (“Landau
orbitals”).! All lowest-state electrons have the
same spin direction (antiparallel to B). Excited
states which describe spin flip or motion greater
than zero point perpendicular to B are excited

by integer multiples of eZB(mc) '~ 12B,, keV
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(where B, is the magnetic field in units of 102
G). The canonical magnetic fields of pulsars are
large enough that the excited states do not enter
significantly into the description of free atoms or
condensed stellar surface matter.

The strength of a magnetic field on an atom of
atomic number Z is characterized by the dimen-
sionless parameter

n:ﬁg__< B

Zp, \4.6x10°Z3

1/2
) , Z>1, (3)
which is the ratio of the Bohr radius of the most
tightly bound electron when B=0 to the cylinder
radius of the atom formed by putting exactly one
electron into each Landau orbital. There are
three qualitative regimes®3: (i) n> 1 (ultrastrong
B), (i) 1>>n1>Z"%2 (“strong” B), and (iii) Z %2
> 7 (perturbative B). In regime (iii) B is suffi-
ciently weak that conventional perturbation treat-
ments are adequate. In the ultrastrong field
regime (i) the lowest-energy state of a single
atom is achieved by successively putting single
electrons into Landau orbitals which keep them
(in directions perpendicular to B) much closer

to their nuclei than can the nuclear Coulomb
field alone. The resulting atoms®™* are small
and elongated along B with energies (relative
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to all electrons free but still in B) approaching
E My ~-2(Z%32/a,)In*n (Z>1). 4)

Atoms (and molecules®) will coalesce to form
more tightly bound solids for two reasons. They
have relatively large quadrupole moments with
symmetry axes along ﬁ; this will give a classi-
cal electrostatic potential between two such
quadrupoles that varies like (9—90cos?6 + 105
cos?6)r "5 with 6 the angle between B and the line
joining them. This interaction alone would give
a bound body-centered orthorhombic lattice in
which nearest neighbors attract, next nearest
repel. More important, however, is a quantum-
mechanical binding which causes the nuclei to
arrange themselves in a one-dimensional lattice
parallel to B, surrounded by a cylindrical elec-
tron sheath.

A linear chain of charge-Z nuclei (lattice con-
stant /) surrounded by a uniform-density cylinder
of electrons (radius » >p) has an energy per
“atom”

E,= —@f[ln@l—) - - %)} +%®4. (5)

1 7 3ml? \r

The first two terms on the right-hand side are
the classical Coulomb energy (y is the Euler
constant). The last is the quantum-mechanical
degeneracy energy of the uniform density of elec-
trons relative to their energy at zero density

but in the same B. A minimization with respect
to / and 7 gives®

r=1.3a,2 93, (6)
1=2.4a,Z 043, (M
E,=-0.5Z%%*"%/a,. (8)

In regime (i) E, greatly exceeds the binding ener-
gy of an isolated atom or molecule,” and Eq. (8)
would then also give the binding energy of the
atom in the lattice.® A single magnetic chain is
extraordinarily strong (elastic modulus ~ 10 dyn
for B~10" G and Z ~10) and inflexible. Adjacent
chains will have strong Coulomb attraction when
one is displaced along B half a lattice length
relative to the other. An array of chains will
then cohere so that the nuclei form a body-cen-
tered orthorhombic lattice which is almost bee.®
Its mass density (o) is 2m yZ(77?1) "':

0~2Z*m,n"?%/6a,2~10%(Z/26)*n*5 g cm™3  (9)

with m, the nucleon mass. Such matter behaves
like a one-dimensional metal parallel to B and

an insulator perpendicular to B.

In the “strong”-field regime the lowest-energy
atom is achieved by filling the closer Landau
orbitals with many electrons. A Thomas-Fermi
model?® gives a spherical atom of radius

R~a,Z 'n"4's, (10)

As in the case of field-free atoms this model is
not valid for the very outer electrons. The inner
ones form a core for which we will approximate
Pauli principle effects by assuming the core to
be impenetrable by the few outer electrons.®
Initially we choose Z extracore electrons around
the core of radius R with Z «<ayR™*. Extracore
wave functions with a node have binding energies
< €%7%(2a,)"* and will remain unoccupied; rather,
the Z electrons will successively fill Landau or-
bitals with radii in the interval R <p, <R + Zp?R "%,
This thin hollow sheath of nodeless electron
wave functions has a structure like that of the
single atom in the regime 7> 1 except that 7 is
replaced by 7=a,(ZR) *> 1. As in the ultra-
strong field case the energy of these extracore
electrons is lowered by arranging the cores in

a one-dimensional lattice surrounded by a thin
hollow cylindrical sheath of inner radius R. A
calculation exactly analogous to that of Eq. (1)
gives a lattice spacing

1~2R, (11)
a lattice binding energy per atom

E, D ~0.5(Ze)?/R, (12)
and sheath thickness

6~7*°R. (13)

A more detailed numerical exploration of this
atom model indicates that the above description
of extracore electrons should be valid for Z up
to about @R~ Zn*%, Therefore in regime

(i) the lattice binding enevgy per atom is of
order

Ea(ﬁ) ~— Zseznm/S/ao. (14)

Two adjacent chains of atoms, displaced longi-
tudinally by half a lattice length, will also attract
each other just as in regime (i). In the transi-
tion region as 7 increases from (ii) to (i), the
atomic core radii shrink (~7°%/?) until the inner
sheath radius becomes negligible relative to the
outer one. The density o of Eq. (9) holds for
both regimes.® From Egs. (11) and (13) it also
follows that this same ¢ is also appropriate for
the sheath region of regime (ii).
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For a neutron star with a surface field! B
~5X 10" G composed of He, n~12, the mass den-
sity 0~10* g cm ™3, and E,~— 800 eV from Eq.

(8). For a probably more realistic assumption
of an iron nuclei surface, 7~0.3, 0~4%X10*g
cm™3 and E, ~- 30 keV from Eq. (14). Unfor-
tunately neither 7 is sufficiently extreme to jus-
tify the approximations of either regime (i) or
(ii). However, the transition region gives the
same ¢ and similar E for both sets of approx-
imations. The estimated surface temperatures
after 10° yr are of order 10°°K ~ 10 eV because
of the reduction in surface opacity from B = 10
G.2 Therefore the surface magnetic metal would
be very cold relative to its evaporation tempera-
ture.

The work function ¢ in a metal generally equals
the electron Fermi energy. In a magnetic metal
with electron density n only the component paral-
lel to B, E(l), is relevant and

@ ~E p(]|) = 20*7%0%%2m "2, (15)

From Eq. (9) it follows in the uniform-density
approximation® that

¢ ~0.32%*n""%/a, (16)

in regime (i) and also in the conduction band
sheath of regime (ii). For Z=5 and B =2X 10*?

G, n1=2 and Eq. (16) predicts a work function of
360 eV, about the same as a numerical estimate
of the single-electron ionization energy of the
isolated atom in the same field. For B ~5x 10
G and iron nuclei, 7n~0.3 and ¢ ~1.8 keV. There-
fore a work function ¢ =v keV with v~1 is plaus-
ible. Because of stellar rotation a neutron star
surface has electric fields (in V/cm) §~1078

x (2nR P'B), where R is the stellar radius
(~10°m), and P is its period (in sec). Ions re-
main in the lattice despite such fields. The field-
emission electron current generated by compo-
nents of §F parallel to B at the smooth stellar
surface is given by application of the Fowler-
Nordheim equation:

7(A/cm?)~10%F2 exp(— 301*2PB ,"1). (17)

The field-emission current may effectively be
cut off for rotation periods exceeding a few sec-
onds (unless the surface is bombarded by en-
ergetic x rays or particles): This may be why
long period pulsars are not observed. Quite gen-
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erally it is much easier to remove electrons
than ions from the condensed stellar surface,
and pulsar magnetospheric currents may there-
fore consist entirely of electron flow.
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