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A quadrupole splitting of the fourfold-degenerate nuclear spin levels of Ga®, Ga™, and As™ in a single
crystal of GaAs has been induced by the application of a dc electric field along the [111] direction. The
splitting of the nuclear magnetic resonance has been observed and the coupling constants Ri4 between the
induced gradient tensor and the applied homogeneous electric field have been determined. The results
are R14(Ga®)=1.05X10° cm™, Ry (Ga™)=0.9X10° c¢m™, and Rj;4(As™)=1.55X10® cm™. A simple
theoretical model explains the physical origin of this effect quite well.

1. INTRODUCTION

HE effect of an applied electric field in magnetic
resonance spectroscopy was discovered first in
pure nuclear quadrupole resonance spectra.!'? In general,
there will be a linear variation of the nuclear quadrupole
coupling with electric field, whenever the nucleus is at
a site which lacks inversion symmetry. It was already
pointed out in the early communication? that sites of
tetrahedral symmetry, T4=43m, provide the interesting
situation in which the electric field induces a quadrupole
splitting. In the absence of electric and magnetic fields
the nuclear spin level is 2741 times degenerate in this
cubic symmetry. If an electric field is applied, this de-
generacy is at least partially lifted. In GaAs all three
nuclides Ga®®, Ga™, and As™ have spin /=3 and are at
sites with 43m symmetry. If an electric field is applied,
the fourfold degenerate spin level is split into two
Kramers doublets.

This effect is observable by nuclear magnetic reso-
nance (NMR) in an external magnetic field Ho. Without
electric field a single resonance line is observed corre-
sponding to transitions between four equally spaced
levels. The application of an electric field splits this
line into a triplet. The induced quadrupole interaction
is described by
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A matrix element of the induced field gradient tensor at
the nucleus is given by
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The last term represents the gradient produced by the
piezoelectric strain. The first term represents the gradi-
ent produced by the electric field at constant strain. The
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summation indices run over the three coordinates x=1,
y=2, z=3. If the Voigt notation yz=4, zx=35, xy=6, is
introduced, the only nonvanishing elements for the third
order tensor in Tq symmetry are Ryjs=Rs=Rze. The
only nonvanishing elements of the fourth order tensor
are Sy =Sae=S33,S12=S21=S13=S31=S23=S32= —3Sn1
and S44=.S55=Ses. The piezoelectric tensor has the same
properties as the R tensor, because the crystal as a whole
has the same T symmetry as the individual nuclear
sites.

If the electric field E is applied along the [111] body
diagonal, an axially symmetric field gradient is induced
along this direction which shall be denoted by {. From
the known transformation properties of third-order
tensors one obtains immediately Ryrr= (2/3'/2)R14, etc.
The electric field gradient is, therefore,

—GQV/3§'2= €d111= (%)”2(R14+d14544)E111- (3)

In the following section the experiments will be de-
scribed that lead to a determination of the phenome-
nological constant Ry, for eachisotope in GaAs. Although
the same effect would, in principle, occur in all ITI-V
and other compounds which crystallize in the cubic
ZnS structure and have nuclear spins 7> 1, GaAs repre-
sents a judicious choice. It is available in a highly
resistive form with almost perfect compensation of
charge carriers, so that large electric fields can be ap-
plied to the sample without deleterious heating effects,
depolarization or breakdown. Furthermore, the indirect
spin-exchange interaction is rather smaller than for
heavier isotopes. The nuclear resonance is, therefore,
relatively narrow. The electric quadrupole moments
are reasonably large. Therefore, the splitting induced
by an applied electric field can be made larger than the
linewidth and becomes thus observable.

In Sec. III a microscopic theory of the linear electric
field effect is given on the basis of an oversimplified
model for the valence orbitals. Reasonable agreement
with the experimentally observed values is obtained.
The relative simplicity of the experimental and theoreti-
cal situation was a strong motivation to study this case
of Tq symmetry. The thermodynamic inverse effect, in
which an electric polarization is produced as a result of
nuclear spin transitions, is described in the Appendix.

An abbreviated account of this work was presented
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SPLITTING OF NUCLEAR SPIN

TasLE I. Data for electric shift of the magnetic resonance in
GaAs. Avg is the splitting between each satellite and the central
component, if the electric field and magnetic field are applied
along [111]. The value of R4 is deduced from Avg with Eq. (4).

NMR
frequency
at 10 Oe QX10* Awgin kc/sec Ry
Isotope (Mc/sec) (cm?) for 10¢ V/cm (cm™)
Ga® 10.23 0.2318 3.54+0.6 1.05X 10
Ga™ 12.99 0.1416 1.94+0.2 0.9 X10°
Ag?s 7.29 0.3 6.5+1.5 1.55X10%°

at the International Conference on Magnetic and Elec-
tric Resonance and Relaxation. A report in the pro-
ceedings® of this conference also reviews many other
aspects of the linear electric field effects in magnetic
resonance.

II. EXPERIMENTAL DETERMINATION OF Ry,

Copper-doped high-resistivity GaAs crystals were
kindly given to us by C. Hilsum of Baldock, England,
and by A. Weisberg, RCA Laboratories, Princeton,
New Jersey. The resistivity was about 10° @ cm at
77°K, but two- to three-orders of magnitude smaller at
room temperature. A platelet of approximate dimensions
10X10X1 mm was cut with broad faces normal to the
[111] direction. A drop of indium was attached ultra-
sonically to these faces. Copper leads were soldered to
the indium and the whole face of the crystal was covered
with an evaporated silver layer. The contacts held at
77°K. A field strength of 20 000 V/cm could be main-
tained without undue heating of the crystal, if it were
immersed in liquid nitrogen. The voltage was supplied
by a battery of 30 dry cells of 300 V each. The crystal-
electrode assembly was wrapped by Teflon sheet. A coil
of copper wire was wound around it and cemented with
Flexrock 80 glue.

The coil was part of the tank circuit of a phase-locked
oscillating detector, described by Jeener.# A block dia-
gram of the electronic apparatus is shown in Fig 1.
The nuclear magnetic resonance was observed near
9 Mc/sec for each of the three isotopes. The required
magnetic fields can be deduced from the second column
in Table L.

Recordings of the absorption derivative of the Ga
resonance, with and without an applied electric field,
are shown in Fig. 2. If the angle between the magnetic
field Hy and the [1117] direction is denoted by @, the
splitting between each satellite transition (m;=3— %
or my=—%— —%) and the central component
(mr=%— —1%), due to the induced field gradient given
by Eq. (3), becomes

hAvg= 12-‘”2(3 cos’y— I)EQ(RM—*-S“dM)En]. (4)

3 N. Bloembergen, in Proceedings of the 11th Collogue Ampére,
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LEVELS IN GaAs 2399

Voltmeter Automatic

Freq.
Stabilizer

Battery 80 Meg

in series

Box
0 - 10KV

Audio
Phase

Recorder

12" Varian
Magnet

Mag. Field
Lin. Sweep

F1G. 1. Schematic block diagram of the experimental equip-
ment to study the electrically induced quadrupole interaction
in GaAs.

The experimental values for this splitting at =0 are
listed in the fourth column of Table I. The intensity
ratios of the satellites to the central components should
be as 3:4:3. The observed satellites appear to be broader
and weaker. This is due to a distribution of electric field
strength inside the sample. Although fringing fields
and nonuniform thickness d of the slab may be partly
responsible, the major cause is believed to reside in an
inhomogeneous resistivity due to nonuniform doping.
This set the limit on the accuracy with which Avg
could be determined in the partly resolved multiplets.
The contact electrodes and the finite resistivity pre-
vented the formation of double layers and surface
charges. The macroscopic field strength inside the
sample is immediately given by the applied voltage
divided by the thickness.

Independent determinations of Siu and dis were
carried out. The experiment of Shulman, Wyluda, and
Anderson® on InSb to determine the quadrupole inter-
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F16. 2. The splitting of the Ga® nuclear magnetic resonance at
9 Mc/sec in GaAs by an applied electric field of 21.3 kV/cm. Both
H, and E are along [111]. The derivative of the absorption curve
shows incipient saturation. The satellites are broadened by in-
homogeneities of the electric field.

®R. G. Shulman, B. J. Wyluda, and P. W. Anderson, Phys.
Rev. 107, 953 (1957).
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action under stress was performed on GaAs samples. A
compressive stress 7" was applied along the [111] direc-
tion. For T=18 kg/cm? no change in line shape was
observable for the As™ nor for the Ga™ resonance. This
sets an upper bound on Ss4. With the known elastic
modulus® C4=0.59%X10"? dyn/cm? the electric field
gradient induced by the stress T is given by

eqTin= 25uCa'T.

Since the magnetic field Hy was perpendicular to the
direction of stress, the stress-induced quadrupole split-
ting is

®)

A value Avp=0.5 kc/sec would have been observable
and, therefore, an upper bound S14<4.5X 10 statC/cm?
could be established.

The piezoelectric constant di4 was measured on the
same sample by determining the surface charge induced
by a compressive stress 7 on the (111) faces. The
polarization along [111] is related to T by

Py =3"2d 1T 1,1

hAvr= %C“—'ISMTCQ.

The induced surface charge was measured by a ballistic
galvanometer technique. The transient voltage, de-
veloped by application and removal of the stress across
a 2500-Q resistor which shunted the crystal electrodes,
was amplified in a Beckman dc Breaker Amplifier, and
the oscillographic display recorded by a Land camera.
The apparatus was calibrated by repeating the experi-
ment with NaClO; in the same geometry. The piezo-
electric constant of this crystal is known,” d14(NaClOj3)
=6.1X10"% cgs units. Reproducible stresses were ob-
tained by hanging a weight on the arm of a drill press.
Multiple exposures were taken of the transients, S 'idt,
which are proportional to the weight and the piezoelec-
tric constant, but independent of the dielectric con-
stant and dimensions of the specimen. The result
is d1(GaAs)= (0.3220.08)d14(NaClO;), or di4(GaAs)
= (2.040.5)X 108 cgs units.

The product d14S44 is therefore smaller than 108 cgs
units. This should be compared with observed values of
R4+ d14S44~10"° cm™' which are listed in the last
column of Table I. The piezoelectric strain produces less
than one percent of the observed effect. The values in
the last column which were derived from the observed
shifts with the aid of Eq. (4) may, therefore, be identi-
ﬁed Wlth Ru.

An independent determination of Ry for the three
isotopes in GaAs has recently been made by Brun and
co-workers.® They used the technique of saturation of
Am=-2 transitions by an applied electric radiofre-

¢ T. B. Bateman, H. J. McSkimin, and J. M. Whelan, J. Appl.
Phys. 30, 544 (1959).

7W. P. Mason, Piezoelectric Crystals (D. Van Nostrand
Company, Inc., Princeton, New Jersey, 1948), p. 195.

8 E. Brun, R. J. Mahler, H, Mahon, and W. L. Pierce, Phys.
Rev. 129, 1965 (1963).

BLOEMBERGEN

quency field. The electric field is again applied along
[111] and the magnetic field H, is applied at right
angles, so that sind=1. The gradient induced by the
electric field has off-diagonal quadrupole matrix ele-
ments with Amy=2. The requirements on the resistivity
of the sample are not as high in this case and this method
could perhaps be used successfully in other III-V
compounds. The attainable precision is, however, not
as high as with the direct splitting of the resonance by a
dc field. The values of Ry4 obtained by Brun agree with
our results within the limits of error.

III. ATOMISTIC THEORY OF THE LINEAR
ELECTRIC SHIFT

An oversimplified model will be used, which will
tie in as directly as possible with two other observabies,
the dielectric constant at low frequencies, e=12.54+0.2,
and the optical index of refraction in the infrared below
the absorption edge,® n=3.3.

The induced field gradient at the nucleus is caused
partly by a distortion of the valence orbitals and partly
by a relative displacement Ar of the lattice of the Ga
atomic cores with respect to the As core lattice. The
static dielectric constant contains two similar contribu-
tions. The ionic polarization is related to the difference
e—n2 If an effective charge e of opposite sign is put
at the position of the Ga and As lattice sites, this
polarization is given by

NeegiAr=[ (e—n?) /47 JE, (6)

where N=2.2X102 is the number of GaAs molecules
per unit volume. This equation differs by a factor
3(n2+2)! from Eq. (12) of reference 3. This factor
corrects for the electronic polarization induced by the
ionic displacements. It should be applied to the core
polarization of the localized electrons in the Ga and As
cores. The largest part of the electronic polarizability
comes, however, from the valence orbitals. These
orbitals are so extended that it is a better approximation
to consider the electronic density uniformly distributed
over the unit cell and not concentrated on sites with
cubic symmetry. In this approximation the effective
electric field acting on the valence orbitals is equal to
the microscopic average field or to Maxwell’s macro-
scopic electric field. For fixed macroscopic E, the elec-
tronic polarization is independent of the ionic displace-
ment. This fact was used by Brodsky and Burstein!?
and leads to the simple expression (6).

The electric field gradient at an atomic site can be
calculated from the electrostatic theory, if the atom is
displaced by a distance Ar from the center of a tetra-
hedron towards one of the four corners, at which equal
charges are placed. The result is (40/3)eessAra—*, where
a=244 1A is the Ga-As distance. If the Sternheimer

? K. G. Hambleton, C. Hilsum, and B. R. Holeman, Proc. Phys.
Soc. (London) 77, 1147 (1961).
(1;]612‘%‘ H. Brodsky and E. Burstein, Bull. Am, Phys, Soc. 7, 214
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antishielding factor 1—+,, is introduced to take care
of the distortion of electron orbitals inside the cores,
the electric field gradient at the nucleus due to the
atomic displacement effect becomes, with the use of Eq.
(6),

e—n?

41rN ‘Elll- (7)
a

) 40
(eq‘°“)u1= —3—(1 —_ ’Yuo)

With Eq. (3), the contribution to Ry4 becomes
Ryjon=3"125(1—7,) (e—n?) (xNa*)~. (8)

The Sternheimer factors for Ga and As are not known,
but may be estimated by interpolation from calculated
values.! If (1—+,)=24 for Ga and 30 for As are as-
sumed, the values R;4*(Ga)=0.4X10® cm— and
Ryfon(As)=—0.5X10" cm™ are computed, where E
is taken as positive if it points from Ga towards the
neighboring As atom.

The distortion of the electron orbitals at fixed nuclear
positions may be calculated as a perturbation by the
electric field on the valence orbitals of the undistorted
crystal. Since an average property of the whole valence
band is to be computed, localized molecular orbitals
should give a fair representation of the average structure
of the valence band.®? The structure of the covalent
crystal suggests that tetrahedral orbitals made up of
4s and 4p orbitals around the Ga and As atoms and
pointing along the crystallographic body diagonals are
appropriate zero-order wave functions to estimate the
magnitude of the effect. Higher excited states, 4d, Ss,
etc. will be ignored. The four tetrahedral orbitals are
treated independently as mutually orthogonal wave
functions. The overlap between Ga and As atomic orbi-
tals will be assumed small compared to unity. The
representative wave function of the bonding orbital
along [1117] is under these assumptions

'Pva.l = ()\'l/Gstet'l' #’Aatet) ( 1 +x2)_1 /27
lﬁ‘“ = % (\b4s+‘p4pz+‘p4py+¢4pz) .

The corresponding antibonding orbital is characteristic
for the wave function in the conduction band

Veona= (—¥aa""+Mast) (11227172

The ionic character of the bond (1—A%)(1+4A2)~! is
about 0.7. The value A=0.4 for each of the four bonds
corresponds to an effective total charge eer=-2 on
the Ga sites and —2 on the As sites. This figure is in
agreement with the modified Szigeti formula,

(9a)

(9b)

eest=wo M (e—n?)/4xN J\2, (10)

where wo=5.04 X 10" sec! is the transverse fundamental

11 See for example, T. P. Das, and E. L. Hahn, in Solid State
Physics, edited by F. Seitz and D. Turnbull (Academic Press
Inc., New York, 1958), Suppl. 1.

12 G. Leman and J. Friedel, J. Appl. Phys. 33S, 281 (1962).
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optical mode frequency, determined by Picus ef al.’314
A factor 3(n?+2)~! has again been dropped? in Eq.
(10) because of the nearly uniform distribution of charge
in the valence orbitals. The ionic character will undergo
a fractional change on application of an electric field
along the bond direction. This may be described as an
admixture of some conduction orbital to the val-
ence orbital wave function. The energy separation
AW =W,—W ., between the bonding and antibonding
orbital corresponds to a certain average separation
between the valence and conduction bands in the actual
crystal. Second-order perturbation theory, bilinear in
the quadrupole moment and the applied electric field,
gives the change in the energy of the nuclear spin level
my as

2(W,—W o) (rvar,mr | 3o l Yeond,M1) (\l’condl eE-r l Yval),

where JCq is given by Eq. (1). Alternatively the change
in electric field gradient produced by the field com-
ponent along [1117] may be written as

<quoov>___ zeElll(‘I’val | eq I ¢cond)
X (‘l’cund I r ] \l’val) (Wu— Wc)-l. (1 1)

With the simplifying assumptions about the wave func-
tions (8) and (9) and the introduction of eq, for the
gradient — 9%V /ad2? produced by an atomic p.-orbital,!!
Eq. (11) may be rewritten as

(ege® n=AA4+N)(W,— W)
X%GQacEEm(ll/cond I r [ 1I/val)- (12)

The acting field on the orbital is essentially equal to
the macroscopic field parallel to the bond direction.
Elementary symmetry considerations show that com-
ponents perpendicular to the bond direction do not
give a linear contribution.

The other orbitals, pointing to the other three corners
of the tetrahedron, also produce a field gradient. In
the absence of an applied electric field their contribu-
tion just cancels the gradient of the first orbital
(¥va1|€q]¥var). The induced electric field effect of each
of these other three orbitals adds, however, one ninth
of the expression (12). Label the new bond direction
¢’, the first bond direction {. The angle between the
two body diagonals is cosd;»=13. Take the coordinate
£ in the ¢’ plane, normal to {’. The component of the
electric field along ¢’ is —3E. The electric field gradient
in the primed system has components eg - equal to
—% times the expression (12) and eg;y equal to +3
times the same expression. Transforming this field
gradient to the unprimed system gives a contribution

egyrr COS*ppteqp e Sin®drp = +5(ege* )in

The same argument holds for the remaining two orbitals.

13 G. S. Picus, E. Burstein, B. W. Henvis, and M. Hass, J. Phys.
Chem. Solids 8, 282 (1959).
(1;6%. Hass and B. W. Henvis, J. Phys. Chem. Solids 23, 1099
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The total field gradient 62V/0¢? along [111] is, there-
fore, obtained by multiplying Eq. (12) by $. With Eq.
(3) this leads to a covalent contribution to Ry,

Ruv= £ 3X 3N (1HN) (W o~ W) ega
X (¢condl ef,‘pvnl)-

The sign of this covalent contribution is the same as
the sign for the ionic contribution of each isotope, given
by Eq. (8).

Although the dipole moment matrix element could be
evaluated directly for the assumed orbitals, it seems
more appropriate to derive its value from the observed
optical index of refraction. The polarizability of a single
covalent along the bond direction is determined by

%‘(Z!Eulzl (%ondl er I "pval) I 2(‘/Ve"" IVv)—l-

The acting electric field is again taken equal to the
macroscopic field component along the bond direction.
If the induced dipole moments in all four bonds are
added vectorially, the total induced electronic polariza-
tion is found to be

Pel= (2—1) (4x)E= (8/3)N
X ’ (‘pcondl e’l\l/val) ‘2(Wc— Wu)—lE.

With #=3.3 and W.—W,=2 eV (the energy gap be-
tween the bands is 1.5 eV) a reasonable value of the
dipole moment matrix element, (1.3)X10~8 cm)e, is ob-
tained. If this value is substituted into Eq. (13) with!
¢t (Ga)+—18.9X10* cm™ and g.;(As)=—40.8X10%
cm~® and A=0.4, one finds for the covalent contribu-
tions R14*v(Ga)=0.53X10*° cm™!, and R;v(As)
=—1.1X10*1° cm™. These results are only slightly
larger than the corresponding contributions from ionic
displacements. Addition of the two results gives a
theoretical value R;4(Ga)=0.93X 10 cm~ which coin-
cides fortuitously with the observed values in Table I.
The computed value of Ry4(As) is 1.6X 10 cm™! or 109,
higher than the observed value.

The oversimplification of the theoretical model clearly
does not permit a more detailed discussion. The agree-
ment between theory and experiment is much better
than could be expected in view of the drastic approxima-
tions in the theoretical model. In particular, the un-
certainty in the Sternheimer factors, admixture of
other wave functions in the band structure, effective
energy separation of the bands, overlap of atomic wave
functions, and other contributions to the quadrupole
coupling in the covalent orbitals should be calculated
more carefully. The basic physical origin of the electric
shift of the nuclear quadrupole coupling is, however,
well established by this example.

If the less appropriate Lorentz local fields had been
used for valence electrons, the value Ry4°® would have
been smaller by a factor 3/ (#?*+2)~% and R, would
have been smaller by [3/(#?+2)]'/2~}. The agreement
with experiment would be worse.

(13)

(14)
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IV. CONCLUSION

The electric shift in nuclear magnetic resonance
provides additional constants, which supplement the
information obtainable from dielectric constants, optical
index of refraction, etc. The constants are particularly
sensitive to the degree of hybridization of wave func-
tions of opposite parity. More detailed theoretical
models must be able to account for the additional ex-
perimental parameters, provided by the linear electric
field effect.
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APPENDIX

Consider an ensemble of nuclear spins quantized
along the [111] direction in GaAs by an external mag-
netic field. If an electric field E is also applied along this
direction, the free energy of the system changes ac-
cording to Egs. (1) and (3) by,

Foe=127123 isotopes (32132

—n12—n12)RuueQE.  (Al)

An electric polarization proportional to the nuclear
quadrupole moments can be defined by

Po=—08F qz/dE. (A2)

If the populations in the nuclear spin states, #., are
changed, a change in polarization is induced according
to Egs. (A1) and (A2). This effect is the thermodynamic
inverse of the experiment described in this paper.

If the nuclear spin system is heated up, e.g., by
saturation of a nuclear magnetic resonance, a surface
charge is induced on the electrodes at the (111) faces
of the crystal. Since for equidistant Zeeman levels

nyotn_gje—n12—n12=3%N (gﬁHo/kT)’,

where N is the total number of spins, the effect is very
small. If, however, a dc electric field is applied and only
one electric satellite resonance e.g., m=% — % is satu-
rated, the effect will be linear in g8H/kT. This will also
be the case in crystals with zero-field quadrupole split-
tings. In such situations a change in the nuclear spin
populations may be induced, so that

An=A (n3/2+n_3/2—n+1,2—n_1,2) R‘-lN(hug/kT). (A3)

If »9=107 cps, T="77°K, and other numerical values
are substituted into Eqs. (A1), (A2), and (A3), one
finds that the induced polarization is equivalent to a
potential drop of 0.4 mV/cm across the GaAs crystal.
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For a pure quadrupole resonance of Br or I isotopes,
carried out in other piezoelectric crystals at 3-5X108
cps at 4°K, the effect should be 2 or 3 orders of magni-
tude larger and should be readily observable. It is
necessary that the crystal lacks a center of inversion
symmetry. Otherwise the contributions of lattice sites
related to each other by the inversion will cancel each
other in the summation of Eq. (A1), because they have
opposite sign of the tensor elements R.

The physical origin of this ‘“quadrupole-electric
effect” is, of course, based on the observation that the
equilibrium position of the nucleus in the lattice de-
pends on the orientation of the nuclear quadrupole mo-
ment. If the nucleus is at a site which lacks inversion
symmetry and has nonvanishing third derivatives of the
electrostatic potential, the force on the nucleus is

—ZeVV —err:VVVV.

The electric field —VV acting on the nucleus is not
exactly zero on the average. The equilibrium position
of the Ga and As nuclei is not exactly at the center of
the tetrahedra, but slightly displaced towards or away
from one of the corners, depending on whether the nuc-
lear quantum state has |m;| =% or 3.

2403

The magnitude of the displacement depends on the
extent to which the electron orbitals follow the nuclear
displacement. The polarization resulting from all nu-
clear and electronic displacements is, however, unam-
biguously determined by Eqgs. (A1) and (A2). If the
model from Sec. III of ionic displacements with an
effective charge is adopted, the spatial displacement dr
of a nuclear spin, while making a |m;|=4§ — } transi-
tion, is given by

eessbr=2"12R;4°me(). (A4)

This displacement is about 2.5X 107! cm, much smaller
than the zero-point vibration of an individual nucleus
or even the nuclear dimension. The combined effect
of all spin transitions in the ensemble of nuclear spins
in the crystal leads, however, to a macroscopically ob-
servable polarization. The difference in equilibrium
position of a nuclear spin in the |m;| =% or the |m| =%
is an example of a Jahn-Teller distortion to lift the four-
fold degeneracy of the nuclear spin levels into two
Kramers doublets. The effect is so small that, in the
absence of external fields, each nucleus would ‘“‘tunnel”
rapidly between the four equivalent positions along
the four body diagonals.
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Electron Ejection from Metals due to 1- to 10-keV Noble Gas Ion Bombardment.
I. Polycrystalline Materials*

G. D. MaGNUsON AND C. E. CARLSTON

Space Science Laboratory, General Dy

ics/Astr tics, San Diego, California

(Received 3 October 1962)

A method is described which complements present techniques and enables measurements to be made of
the secondary electron emission coefficient, v, for ions on materials for which v is difficult or impossible to
measure by the “flashing” or heating technique. The method allows operation in a high-vacuum (108 Torr)
system as opposed to an ultra-high vacuum (<107® Torr) system. Results for the secondary electron emis-
sion coefficient, v, are presented for Ar* on Zr, Cu, Mo, Ni, Ta, and Al, and for Net, Krt, and Xe* on Cu
and Mo in the energy range 0.5 to 10.0 keV. Comparisons with present theories and with other experi-

mental results are made.

I. INTRODUCTION

NTEREST in the study of the secondary electron

ejection from atomically clean surfaces due to posi-
tive ion bombardment has been stimulated, at least in
part, by the advanced vacuum techniques now avail-
able. For example, many of the data obtained by
earlier investigators are open to question because of
surface contamination,! due in part to poor vacuum
conditions. During the past decade, Hagstrum has

* This research was supported in part by NASA, Lewis Research
Center, Cleveland, Ohio.

! For a good review of the subject prior to 1956 see H. S. W.
Massey and E. H. S. Burhop in, Electronic and Ionic Impact
Phenomena (Oxford University Press, New York, 1952), Chap. IX.

published a great deal of significant research on the
measurement of vy, the secondary electron emission
coefficient, from various refractory metals? and semi-
conductors?® subjected to noble gas ion bombardment.
Hagstrum’s work was done in the energy range from 10
to 1000 eV. In this energy range electron emission
occurs by the potential ejection mechanism which is a
result of Auger neutralization and de-excitation.* Hag-
strum has also demonstrated the strong influence of

2 H. D. Hagstrum, Phys. Rev. 89, 244 (1953); 96, 325 (1954);
104, 672 (1956); 104, 317 (1956).

3 H. D. Hagstrum, Phys. Rev. 119, 940 (1960); J. Appl. Phys.
32, 1015 (1961).

4 H. D. Hagstrum, Phys. Rev. 96, 336 (1954).



