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We report observation and measurement of the Zeeman effect of a P state of a bound
conduction electron in AgBr. The Zeeman mass which we observe is -19% greater than
the low-frequency cyclotron mass. This mass shift can be understood quantitatively as a
new polaron self-energy effect.

Brandt and Brown have recently shown that by
illuminating AgBr crystals at liquid-helium tem-
perature with band-to-band light, absorption in
the infrared can be induced. ' ' The most strik-
ing feature of this induced absorption is a strong
narrow line at 168 crn ' which was interpreted
by the above authors as the transition of a polar-
on bound in a Coulomb field from a 1S to a 2P
state Si.nce the static dielectric constant' (e,
= 10.6), the longitudinal optical-phonon frequen-
cy' (@&ufo), and the cyclotron mass' (m, = 0.27m, )
are known for AgBr at liquid-helium tempera-
ture, it is possible to test a simple hydrogenic
theory for the energy levels of the bound elec-
trons. The agreement between the calculated en-
ergy levels and the observed transition energy is
reasonable considering the uncertainty of the na-
ture of the positive-charge distribution.

We have studied the Zeeman splitting of the
168-cm ' line in a dc magnetic field. Our re-
sults, consistent with the interpretation that the
transition is S to P, determine a P-state Zeeman
mass (mz) defined by EF, +,-E~,=Re&/mzc,
where Ep~ is the energy of the observed P state
with orbital angular momentum M in magnetic
field B. In a parabolic band with no electron-pho-
non interaction, mz is simply equal to the cyclo-
tron mass. AgBr, which has a parabolic conduc-
tion band, is quite polar; its conduction-band
electron-LO phonon coupling strength is far
from negligible' (a= 1.6). As we shall show, this
interaction increases mz from the low-frequency
cyclotron-resonance mass. We here report ob-
servation and calculations of such a shift.

A single crystal of AgBr, clamped firmly to
the cold finger of a helium Dewar, was placed be-
tween the pole pieces of a Varian magnet, at the
image point of the exit slit of a vacuum infrared
grating spectrophotorneter. Band-to-band light,
which was focused on the sample by a separate
optical system, was provided by a. 200-W high-
pressure mercury lamp, filtered through a nar-
row-band dielectric filter. Infrared light from
the mercury lamp was rejected by passing the
band-to-band light through a thick (-2-cm) quartz

filter. A black polyethylene filter at liquid-heli-
um temperature was placed in front of the bolom-
eter detector to prevent the bolometer from re-
sponding to any scattered band-to-band light. In
the experimental arrangement, it was possible to
make measurements with the infrared light polar-
ized either perpendicular or parallel to the mag-
netic field, but only with the light propagating
perpendicular to the magnetic field. The experi-
mental procedure was to measure first the trans-
mission Jo of the crystal before band-to-band
light was turned on and then the transmission I,
of the crystal with the band-to-band light on at
various magnetic fields. The induced absorption
coefficient [in(I,/I, )] was calculated by a computer
and plotted digitally versus wave number (Fig. 1).

As seen in Fig. 1, the 168-cm line splits into
three components, the center line having polar-
ization E II II and the outer lines having polariza-
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FIG. 1. Induced absorption of the "168-cm "line.
The top curve is a plot of the zero-field absorption co-
efficient. The middle and lower curves show the Zee-
man split absorption at 32 kG as observed in unpolar-
ized infrared radiation and in radiation polarized per-
pendicular to the applied field, respectively.
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tion E& II. At low fields, overlap of the lines
(due to instrumental resolution of 1.6 cm ' and
the natural linewidth) made a determination of
the line positions unreliable. From 20 to 32 kG
with E& H, where the lines were well separated
and highly symmetric, it was possible to deter-
mine the position of the line centers with a preci-
sion of about +0.04 cm '. A plot of the line shifts
(E,) from the zero-field line center at 167.6
cm versus magnetic field is given in Fig. 2. It
is possible to fit these data with the equation E,
=+aH+bII' for the outer lines and Ep= O'II' for
the center line. The values of the coefficients
are a = (0.147 + 0.003) cm '/kG, b = (1.1+0.1)
&&10 ' cm '/kG', and b'=(0.29+0.07) &&10

cm '/kG'. From the coefficient a we find that
the P-state Zeeman mass (mz) is (0.320+0.007)
&m, . This is to be compared with the weak-field
cyclotron mass (m, ) of 0.27m, .

To understand why the P-state Zeeman mass
is larger than the weak-field cyclotron mass we
first consider a crude but instructive variational
calculation of the 2P hydrogenic levels in a mag-
netic field. In units of S(d«and ~„we write the
Frohlich Hamiltonian for an electron in a Cou-
lomb potential and an external magnetic field as

H=HO+H, +H2, Ho= V p-/r+-Zbg~b , k

H =- "LL, +— "' (2+y')1 QP 1 (d

2 Q) Lo 16 (dgQ

(e-llT'r b l+ elk r b }
where ~F„ is the fixed-lattice cyclotron frequen-
cy eH/m FLc, I.~ is the angular-momentum opera-
tor, P=2(Ry/Ii&dLo)'~, vt, = (4mero'/V) 1/k, and
Ry = m FLe /2e

In our experiment the magnetic field is weak
compared with the Coulomb field (y = Irked FL/2Ry
-0.03); so we can neglect mixing of the unper-
turbed eigenstates (eigenstates of H, ) due to H, .
Denoting 10)8~„(P)and 10)6z(P) as normalized
2P~, and IS eigenfunctions, respectively, of Bp,
where 10) is the LO-phonon vacuum, we expect
that 10)8~»(P) will be mixed most strongly with
one-phonon 1S states of the form b„~10)8z(P).
This follows from the close proximity of the en-
ergy of these states to 10)8P»(p). (Other one-
phonon and multiphonon states lie much farther
away from the zero-phonon P state. )

Thus we take as a crude trial function for the
two 2P states transforming under rotation like x
+iy
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FIG. 2. Plot of the shifts of individual components of
the "168-cm ~" line from their zero-field value of
167.6 cm ~. Dots are the experimental data. See text
for explanation of solid curves.
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A. ~(rdFL) + p /4-1 (3)

where C= 56oP/6561. Equation (3) gives two so-
lutions for X„,denoted by ~„'and ~„,and for

denoted by ~-i a,nd ~-a i ~ i and ~~ i li
respectively, above and below -~p'+ 1 at zero
field. Since in the experiment we observe tragsri-
tions to states well above the LO-phonon energy,
we investigate here the Zeeman effect only in A.»'.
The ratio of the Zeeman mass to the fixed-lattice
mass is Z(rd FL)

= &d FL/[A. (rd FL) X ((d FL)]. Ex
panding X„' to order rd FL/&u Lo we obtain

C
[~'(0)+p'/4 1]' (4)

Notice that Z(0) is highly sensitive to the size of
the resonant denominator in Erl. (4), that is, to
the separation of the perturbed P-state energy
from the ground-state energy plus one optical
phonon (--,'p'+1). Thus mz can be very large.

We have produced a much better wave function
than (2) by "dressing" the bare states 10)6~„
and 10)6z appearing there. Our dressed S state
is simply the product-Ansatz state U(EI, ) 10)6z(P
+ —,

'
rL); to dress our P state we have introduced

where s& is a real, spherically symmetric func-
tion to be determined variationally.

Denoting our variational 2P +1 energies by A. »
we obtain after some computation

p NFL 1 %F1
~r.r(NFL)

=
1 ~2 —+2 26 NLO P MLO
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Table r. Comparison of experiment, refined theory fbased on dressed wave function of Eq. (6)] and crude theory
Ibare wave function, Eq. (2)]. Here hv~ is the zero-field transition energy and D«0 is the diamagnetic (quadratic)
Zeeman shift in the 18-to-2P«p transition energy at 30 kG. The experimental m7 is an average of values obtained
over the range 20-32 kG, while the theoretical values are computed at 30 kG.

mFJ

hvT
{cm ') (cm ~)

Do

(cm ~)

Experiment
Theory Cfrom Eq. (6)]
Theory (from Eq. (2)j

0.320+ 0.007
0.315
0.275

0.27
0.271
0.229

0.205
0.229

167.63+ 0.05
167.15
167.7

0.98 + 0.05
1.01
0.83

0.31+ 0.05
0.38
0.33

the novel dressing operator

O(Iii, ) = exp(-iZkbktb~ r) U(fJ, )

where
x (1+Z hi,k iib-„t),

-p~ I+k
fk 1+~i +k ~P

(p+ 5Q/8)s

v = (-ia/sx-~. x/4&v„„-is/ay+ &,y/4& Lo

—iB/Bg))

and for a function g&, U(gi, ) = exp[ggI, (b tk-bk)].
Thus our trial wave function is

C„,(p )+iE(k.+~a )s,U(Z, )bk~10)

x es(p+ 8 Q),

where 4 p„(PP) = O(h&) !0)e~»(P~), bA, and s& are
spherically symmetric real functions determined
variationally, and P„ is determined by minimiz-
ing for given Iii, the expectation value (4 p„ IH
&& I 4 ~») /(4 &» I 4 p») . A more complete discus-
sion of (6) will be given in a future publication.
We note that the effective-mass dressing opera-
tor given in (5), when operating on the zero-pho-
non Landau state 4 (r) IO), produces a wave func-
tion which for weak magnetic fields yields a vari-
ational energy

(1—CR/12) y (dFp-"(1. /12)'""',"..
Thus we obtain for the low-field cyclotron mass
m, = (1+o/12)(1- a/12) 'm ~„within the frame-
work of our variational approximation. ' We have
computed not only m z/m ~ but also the quadratic
Zeeman shifts for (6) using an assumed m FL
= 0.205. Comparison .of theory with experiment
is given in Table I.

The remarkable agreement obtained from (6) is
to some extent fortuitous since using a better
ground-state trial function than our choice,
U(E&) 10)es(p+ —', a), would necessitate insertion
of a short-range repulsive potential' into (1).

Computer experimentation indicates that our cal-
culated Zeeman mass would be litt). affected by
a short-range potential whose strength is adjust-
ed to maintain IS-2P separation at 1.35k~„o.

We remark that our computation gives a syste-
matic shift downward in Z(~,) with increasing
field. The shift is proportional to ~,' and amounts
to 2 at 30 kG. Our experimental results be-
tween 20 and 32 ko show a systematic shift up-
ward in mass of about 2%, which lies barely out-
side of experimental error. This discrepancy is
being investigated.

We have used the value hw«= 124 cm ' in fit-
ting theory to experiment in the foregoing. This
value agrees with (1) the phonon sideband separa-
tions of the IS-2P transition identified by Brandt
and Brown' and (2) the phonon sidebands seen in
the indirect gap absorption'; it also gives the cor-
rect temperature dependence of the electronic
mobility measured by Ahrenkiel. ' On the other
hand, the generally accepted value of @co„ois 139
cm ' in AgBr. ' This latter value of S(d„o gives a
Zeeman mass from (1) and (6) of 2.1m„ far larg-
er than observed.

Perhaps the most tantalizing question left un-
answered by the present work is how to account
for the large discrepancy between the two values
of the LO-phonon energy.

We thank M. J. Fulton for his assistance in
making the measurements. We also thank Dr. R.
Ahrenkiel for a preprint of Ref. 9, and are most
grateful to Dr. William West of Eastman Kodak
Research Laboratory and Professor Frederick C.
Brown of the University of Illinois for supplying
us with the crystals used in this experiment.
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