2 SIGN OF THE HALL EFFECT FOR HOPPING TRANSPORT -

cannot be used as a criterion for deciding between
these two transport models. However, given the
signs of the J;;, the signs of Hall mobilities can

give information about the magnitude of the J;;, i.e.,
about the width of the bands. Thus if all mobility
components are found to be positive when the nar-
row band and hopping models predict some to be
negative, the bands must be very wide compared
with 2T. The existence of any anomalous Hall mo-
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bility components, on the other hand, implies that at
least in some directions the bands are not wide com-
pared to k7. For anthracene some of the bands ap-
pear to be appreciably wider than kT, '? so that the-
oretical prediction of the sign is only possible on

the basis of quantitative calculations. A detailed
discussion of the Hall effect in anthracene is given
elsewhere. 1
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A recent paper [Phys. Rev. Letters 23, 741 (1969)] reported experimental evidence that

neutrons can be chemically bound to trapped electrons.

The spin-independent electron-neu-

tron interaction due to the electromagnetic structure of the neutron is found to be inadequate

to produce such a bound state.

In a recent paper! Grant and Cobble report ex-
perimental evidence that neutrons are retained in
LiF at 4 °K for periods greater than 30 sec and
that this retention is related to the existence of
trapped electrons in the LiF. Although the experi-
ment does not identify the nature of the trapped
electrons, both the method of producing the trapped
electrons and the method of removing them point to
F centers as the most likely candidate. If this in-
terpretation of the experimental data is accepted
then it is necessary to find a physical mechanism
that will give a weak bond between a neutron and the
electrons trapped in LiF. It is the purpose of this
paper to investigate one such mechanism.

The model we investigate uses the following basic
assumptions: (a) The neutron is bound to the F-
center electron. (b) The F center consists of a
negative ion vacancy with an electron trapped in it.

(c) The interaction between the electron and the
neutron is the attractive spin-independent electro-
static interaction determined by the neutron elec-
tromagnetic form factor.? (d) The interaction be-
tween the neutron and electron is sufficiently weak
that we can neglect modifications to the F-center
electron wave function due to the presence of the
neutron.

The simplest “back of an envelope” calculation
using the measured strength of the electron-neutron
force is not encouraging. However, there are
enough examples of the failure of crude estimates
because of unexpected details of the physics that it
seems worthwhile to investigate this problem in a
little more detail. The calculations reported here
take into account two distinctive features of the rel-
evant neutron-electron system, the fact that the
electron is already bound in the lattice of LiF and
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that the electron-neutron force comes from the
structure of the neutron.

Proceeding from these basic assumptions we con-
sider the neutron as moving in an external electro-
static potential due to the ions of the crystal and
the F-center electron. The binding energy can be
determined by a variational calculation using the
normalized neutron wave function ¥(a;, X) where
a; are the variational parameters.

The expectation value of the energy is

(W(a)y=(K.E.) +(P.E.), (1)
where
(K.E.) =(-7%/2M) [ @®xp*(a;, )2, X). (2)

Potential enevgy of the neutvon. The neutron has
an intrinsic charge distribution p,, (X) which is
determined by the electromagnetic form factors as
described below. The probability of finding the
neutron at X’ is ¢*(a;, X)¢¥(a;, X') or the charge
density of the neutron at X is consequently

J @x"p* (@, % py & - %) Py, %)

The expectation value of the potential energy of
this charge distribution in the external electrostatic

potential is
(P.E.)= efd‘*xdax’z/)*(ai, X )VE)pyae & - X (e, X)
= [ @x"p*(0;, BV g0y, X . (3)
For the potential V(X) we will have
V&) =Vp®) + Vo, %), (4)

where V5 is due to the F-center electron and V,,,
is the contribution of the ions in the lattice. In this
model we expect that the major part of the binding
comes from V. The nearest-neighbor ions are
positive and contribute a net repulsion. We argue
that in order to take advantage of the attractive po-
tential due to the electrons in the ions making up
the lattice we must pay a prohibitive price in kinetic
energy and, therefore at this stage in the calcula-
tion we neglect V.

The F-center electron contribution to the poten-
tial will be calculated from a “known” electron wave
function P, (X) and is

o (B)

Ve® =—ef & prE) &) | X%

The intvinsic chavge distvibution of the neutvon.
The intrinsic charge density of the neutron p,,, (X)
is found by taking the nonrelativistic limit of the
neutron electromagnetic current. This is?®
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)

Pint ®) = e(27)2 [ d®q exp(ig- %)
x[FY(g?) - (K/ 905 4°FY (7). ®

In this expression K,(=1.91) is the neutron anoma-
lous magnetic moment in nuclear magnetons and
F{and FJ are the usual neutron electromagnetic
form factors normalized to F0)= 0; FN0)=1. The
nuclear compton wavelength is Ay=7%/Mc. This can
be simplified by integrating by parts in the second
term with the result that

PintX) = ef ;K) — (eKy/DAZVif(R) (7
where
£, &) = (@2n) [ a®qexpliq- X)FY(¢%). (8)

The experimental evidence® is consistent with the
assumptions that

F¥(¢®)=0 and FY(¢%)=F5(qd. (9)

We adopt these relations as assumptions.
Integration by parts in Eq. (3) gives

(P.E.) =— (%K y/4)A% [ d®x d®x' y*(a;, %)
x (VEV X' =X)f,R)(ay, X) (10)

or
Ve R') = = 2K/ DAL [ @x(V2V & -%))1f,&) .

(11)

This result for V., depends only on the assumption
that F¥(g®) =0.

Binding to the F center. The F-center electron
alone gives

Ve R = = 2K ymh% [ BxptE -X0p& - %) f,&) .
12

We will present two checks on the adequacy of this
potential to bind a neutron. First, we will use the
requirement for a bound state®

7/M) 5 ~ [~ arv(r)r. (13)

Second, we will make a general order-of-magnitude
estimate of (P.E.).

For the purposes of the first test we will assume
a specific F-center electron wave function. The
wave function chosen is like that used in the varia-
tional calculations of Smith®

bp(X) = Np(1+x7) exp(- B7/2) . (14

Smith took B=2x and N2=x3/7r. 1t is also necessary
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to have an explicit expression for‘fz(x). From Ref.
4 we find a simple choice which fits the experiments
is the exponential

f>(%) = (6%/8n) exp(- 67), (15)

with 6=4.32x10" cm™.
Combining (14), (15), and (12) leads to the result

VereR') = — (%K, /8)AGNZS® [ dPx(1+ 21 |X' -]
2[R -%|?) exp(~ B|X' - X|) exp(- 67).
(16)

The integrals can be evaluated by straightforward
but tedious methods. The complete result is too
involved algebraicly to write in its entirety in this
paper, but if we make use of the fact that 6 is very
large in comparison to A and 8 (which are of order
10% cm™!) we can extract the dominant terms.

With these approximations Eq. (16) becomes

Vs &') = = 2K ym AGNZ6%-1(6% - p7)*{5 %
x (1 + 20" +2%"2) =8’
+[6%(4+67")(B - 21) + 8B(M2+ 1B - B2)

+2867 (1222 +A8 — B%)]exp(- 67")}. (1D
The neglected terms are smaller than those retained
by factors like 10'%. This is sufficient to give the
general flavor of the complete result.

Computation of — [§° d7r V. (7)r results in a value
of

e?K ymAZNEBHB%+ B +62%)(1 +0(82/6%))~ (13/m)1078,
(18)

This is strong evidence against a bound state.

Second, a qualitative argument can be made which
will indicate the origin of this small number. From
(3) and (12) it follows that

(P.E.)~(10"* eV em®) [ d®x d®x'[9* (a;, X (e, X))

X [VEE - RypE’ - 3] 5. (19)
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Each of the three factors in the integral is localized
within a given volume and is normalized. The in-
tegral will have a maximum value when they have a
maximum overlap and the order of magnitude of the
integral will be of order of magnitude of the recip-
rocal of the largest volume. The order of magni-
tude of the volume occupied by the F-center electron
must be about 1072* cm® so the best we should ex-
pect to do would be

(P.E.)~10"%%x10%* eV =101 eV.

This final qualitative argument is of wider validity
than this F-center model. It is based on Eq. (19)
which comes from the analysis of the details of the
neutron-electron interaction. Interpreting ¥, as
the wave function of the electron in the bound system
we see that the over-all dimensions of the bound
neutron-electron system must be much smaller
than the dimensions characteristic of the lattice or
the atoms in it, otherwise the potential energy is
too small. Making the system smaller also in-
creases the kinetic energy.

A variational calculation using (@, X) = N(a)
Xexp(~ ar) has alsobeenattempted. The only mini-
mum of {(W(a)) for @ 20 was at a =0 if it was as-
sumed that ¢ << § and 8K 6.

The clear conclusion from these calculations is
that the neutron is not bound to the F-center electron
by the spin-independent electron-neutron interaction.
Either a much more complicated model using this
interaction is required, or the spin-spin interaction
is responsible for the binding.

Spin-spin intevaction. No detailed calculations
have been done using the spin-dependent interaction,
but a crude estimate is not encouraging. The inter-
action energy should be of the order of magnitude of

Lo by (7% = (€2/ D AN (7Y = (3X107% eV cm®)(7™%),

where A, =7%/m,c. It seems reasonable that (#"%)
~102* cm™ which leads to an energy of 1078 eV.

While this compares favorably with the electron-
neutron interaction used above, it is not large enough
to explain the experimental observations.

*Work supported in part by NSF Grant No. GP-13959.

IT, J. Grant and J, W. Cobble, Phys. Rev. Letters 23,
741 (1969); also 23, 1475 (1969) for a conflicting experi-
mental result.

’L. L. Foldy, Rev. Mod. Phys. 30, 471 (1958).

3S. D. Drell and F. Zachariasen, Electromagnetic

Structure of Nucleons
1961), pp. 11 and 21.
‘L. 1. Schiff, Rev. Mod. Phys. 30, 462 (1958).
SF. Low, Phys. Rev. 74, 1885 (1948).
fWilliam A. Smith, Jr., Phys. Rev. 136, A243 (1964).

(Oxford U. P., Oxford, England,



