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Department of Physics and Astronomy, University of North
Carolina, prepared in the form of a rectangular parallepided
with a (110) axis, and doped by solid-state diffusion with

approximately 100 ppm of copper. The crystal was annealed
in 1 atm of chlorine at 325'C to convert a portion of the
cuprous ion Cu+ to cupric Cu +, and then cooled slowly to
room temperature. After removal from the capsule, the
crystal was quickly cooled to liquid-nitrogen temperatures in
order not to lose all of the Cu'+. The EPR experiments
were performed at temperatures of from 10-40 K on a
Bruker ER200tt spectrometer. Figure 1 shows typical exam-
ples of the EPR spectra. Note that for the magnetic field
along a (100) direction (laboratory angle of 0'), the su-

perhyperfine splitting from the ligand Cl ions is resolved.
I

This splitting is not resolved if the crystal has too many
strains.

III. EPR DISCUSSION

The ground state of the Cu + ion has a 3d electronic
configuration, which is a hole in a closed 3d'0 shell. In an
octahedral crystal field, the I 3 doublet of the orbital D state
is lowest. The octahedral symmetry is reduced to tetragonal
symmetry by a static Jahn-Teller distortion, with distortions
along the (100) directions.

The EPR spectra of the Cu'+ ion can be represented by
the following axial spin Hamiltonian

H= gsPH, S,+ gtP(H„S„+ HySy ) + AI, Sg+ 8(I„S„+IySy) + Q(le TI(—1+1)]

+ ~ 1Iz Sx + 81Iy Sy + 81~X ~s + 81Iz Sz + ~1Iy Sy + 81' ~z + ~z~x ~x + 8SIy Sy + ~SIX Ss

+ AiI+Sx+ BiIy Sy+ 8ilz Ss+ 81IxSx+AiIy Sy+ 81' ~@+8s~x~x+ &sIy Sy+~z~z Sz

where the electron spin S = ~, the Cu nuclear spin I= ~, the Cl nuclear spins along the +X and —X axes are I' and I4,

respectively, the Cl nuclear spins along the + Yand —Faxes are I' and I', respectively, and the Cl nuclear spins along the
+ Z and —Z axes are I3 and I, respectively. The Cl nuclear spin is ~.
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FIG. 2. Calculated EPR hyperfine spectra of Cu+2 in AgC1. The graphs sho~ the absorption spectra of the hyperfine lines. (a) 0 along
the (001) axis. (h) Hfield 40' to the (001) axis. (c) Hfieid 60' to the (001) axis. (d) Hfield 90' to the (001) axis.
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The hyperfine interaction with axial symmetry is defined

by a constant A for the hyperfine coupling along the longi-
tudinal axis and a constant 8 for the hyperfine coupling
along the transverse axes. Therefore, in the above equa-
tion, A and 8 are the hyperfine coupling constants between
the electron spin and Cu nuclear spin along the Z axis and
the X and Yaxes, respectively. Q is the quadrupole interac-
tion of the Cu nucleus with the electric field gradient.

In the hyperfine interaction between the electron spin and
the Cl nuclei of the lattice, the following system of notation
is used. The hyperfine constant A is used for the interac-
tion along the bond axis between the electron and a particu-
lar Cl nucleus and the 8 hyperfine constant is used for the
interaction transverse to the bonding axis of the particular
Cl nucleus of the lattice. For example, the interaction with
the Cl nucleus along the +X axis is written as AI„S„
+ BIySy + 8IzSz The interaction with the Cl nucleus along
the + Y axis is written as AI„Sy+8I,S, +8I„S„. Similar
terms are written for Cl nuclei along the —Sand —Yaxes.

The interaction with the Cl nuclei along the Z axes is
written in the same manner, but the A and 8 constants for
these nuclei are of different values than the A and 8 values
for the nuclei along the Xand Yaxes. Therefore, the A and
8 constants for the Xand YC1 nuclei are called Ai and Bi.
The Z axes Cl nuclei are given A, and 8,.

From the spin Hamiltonian shown above, the hyperfine
spectra were calculated on an Apple IIe computer. Figure 2
shows the computer calculations. These are "stick" dia-

grams of the absorption spectra. The derivative of Fig. 2

should be compared with Fig. 1. The values of the various
constants are given in Table I. The observation of the su-
perhyperfine coupling with the ligand Cl ion for the labora-
tory angle of 0, or along the (100) axis, allows us to deter-
mine the 8' constant [see Fig. 1(a)].

The wave function of the ground state under a Jahn-
Teller distortion is described as follows:

0= cos(T@)Ix' —y') + sin(TP) I3z' —r')

where Q is the mixing parameter of the two wave functions.
The equations for the g values under a rhombic distortion
are given by Bleaney, Bowers, and Pryce as

TABLE I. g values and hyperfine constants for Cu+2 in AgCl.
The units of the hyperfine constants are 10 4 cm

g)( = 2.302

gg -2.067

A = 115.0

8 =41.5

Ai =21.0

Bi-2.0
A, =O

8, =0

Ae=g.g.PP.R '

Using the values given by Schoemaker for the above
quantities, the amount of s and p character at the ligand
ions on the xy plane are estimated to be 2% and 12%,
respectively.

~here A. is the spin-orbit parameter and 5 is the crystal-field
splitting. The best fit of the g values is obtained at
—&/5=0.035, /=0'. This implies that the Jahn-Teller
distorted site wave function is predominately Ix2 —yz).
Thus the Cl molecular orbitals that couple with the electron
include only the chloride ions in the x-y plane. Hence we
conclude that A, and 8, should be zero, as shown in Ta-
ble I.

The superhyperfine coupling of the Cl ions in the xy plane
will lead to an A coefficient for the I„S„term for those ions
along the x axes and a 8 coefficient for the IySy and the I,S,
terms of the spin-ligand interaction. This is also true for
the ions along the y axes, Thus we obtain the spin-ligand
interaction shown. The A and 8 values are given by A = A,
+ 2(A&+ A ) and 8= A, —(Ae+ A ), where

g, = 2.002 —(2X/6 ) [cos(~@)—J3 sin(~P) ]'

g~
= 2.002 —(2X/b, ) [cos(~P) +csin(~@)]',

g, = 2.002 —(8a/5 ) [cos( ~@)]',
(2)
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