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Negative transverse magnetoresistance was observed in quantized accumulation layers
on the (0001) face of ZnO single crystals. The results are interpreted in terms of sur-
face scattering center with giant magnetic moments, possibly due to the formation of
charged clusters. Good quantitative agreement is found between theory and experiment.

We report on magnetoresistance (MR) measure-
ments in very strong accumulation layers on ZnO
surfaces. The measurements were carried out at
low temperatures T (2-80 K), with the magnetic
field B perpendicular to the surface (transverse
MR) and in the range of surface electron concen-
trations hN of 8~20' to 7&&20'3 cm 2. In this
range the electrons in the accumulation layer be-
come a quasi two-dimensional degenerate elec-
tron gas. '~ The MR was found to be negative
over the entire experimental range. It depends
quadratically on B/T for small B/T, and satu-
rates at high B/T. The results are interpreted
in terms of magnetic scattering centers with gi-
ant magnetic moments, of the order of 200@,,
(where ps is the Bohr magneton). The agreement
between theory and experiment is considered
good.

Bulk negative MR has been observed by several
workers3 ~ in doped semiconductors, Most of
these workers concluded that the MR is caused
by the presence of huge effective magnetic mo-
ments, up to (50-100)p, Measurements on sur-
face channels, ' on the other hand, almost always
show the presence of only positive transverse
MR and only in a very few instances was a nega-
tive effect found. " The most comprehensive
work on negative transverse MR in surface chan-
nels is that of Eisele and Dorda'0 on silicon inver-
sion layers, at relatively low electron concen-
trations (-10's cm s). These authors assume,
somewhat arbitrarily, that the effective magnetic
moment of the scattering centers is about 2pB.
The negative effect they found, however, was
partially masked by the sumultaneous presence

of positive MR and thus it was difficult to com-
pare their data to a theoretical model. Such a
positive effect is absent in our samples up to the
highest fields used (-60 kG).

The measurements were performed on the
(0001) polar face of ZnO grown by Airtron Co.
The samples were cut, mechanically polished,
and chemically etched. The bulk resistivity at
the temperature range studied was effectively in-
finite. Small contacts were attached to the aides
of the sample to serve as voltage probes for con-
ductivity and Hall-effect measurements. The
strong accumulation layers were obtained by ex-
posing the surface to helium ions produced by an
electrical discharge in helium atmosphere. '2

Figure 2 shows semilog plots of the transverse
MR, Ap/p, at 4. 5 K vs B for different b,%values.
The straight lines in the figure were drawn with
a slope of 2. We see that the negative MR is pro-
portional to B' at low fields and tends to satu-
rate at higher fields. The deviation from quadrat-
ic behavior occurs at lower fields the higher the
value of AX, and —bp/p increases with increas-
ing AN.

Figure 2 shows the dependence of bp/p on B/T
for a fixed AN=6. 5&&20" cm '. The points cor-
responding to different temperatures follow the
same curve, thus showing that Ap/p is a function
of B/T. At low B/T values, bp/p is proportional
to (.8/T)'; it deviates from this square depen-
dence for B/T~ 100 G/K, and saturates (see be-
low) at very high magnetic fields.

To explain our results one has to assume, simi-
larly as in the semiconductor bulk, that part of
the scattering is due to localized magnetic mo-
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FIG. 1. Negative transverse magnetoresistance,
—6p/p, vs magnetic field B at 4.5 K for different gN
values. Slope of straight lines is 2.

«B=(q&N/2)[~p (B)+~p-(B))

+q«[p (B) -I,(B)l, (2)

where 6a B
=—ba(B) —dao, 5p., (B)=— IJ.,(B) —p.,

—= [N (B) —
N( )B]/2, and b, ao and p are the con-

ductance and mobility in the absence of the field.
We assume that the magnetic scattering centers
act in parallel with the magnetic-field-indepen-
dent scattering centers and that the electronic
mean free path A, (B) is given by 1/&, (B) = 1/A,
+ 1/P, „(B), where Xo is the mean free path due to
the nonmagnetic centers and A. „(B)is the mean
free path due to the magnetic centers alone. De-
veloping the theory along lines similar to Boon's"

ments at the surface. As the moments align in
the magnetic field, the scattering is reduced and
a negative MR obtains. To compare our results
quantitatively to a theoretical model we use a
somewhat modified version of Boon's'3 theory for
bulk semiconductors, as adapted by Eisele and
Dorda'0 to surface channels. We express the mag-
netic-field-dependent surface conductance as

ba(B) = qN, (B)y,(B)+qN (B.) p(B). ,

Here N, and N are the surface electron concen-
trations for spins parallel and antiparallel to the
field, respectively; p., and p. are the correspond-
ing mobilities; and q is the magnitude of the elec-
tronic charge. We now rewrite Eq. (1) as

FIG. 2. —~p/p vs B/T for same sample as in Fig. 1
for g& = 6.5 x 10'3 cm 2 and different temperatures
as marked. Slope of straight line is 2.

we obtain

—b,p 6vs, I+1/mA AN

p aa, " I/I'-q'
where ~ is the mean free path in the absence of
a magnetic field and q =tanh(gpsB/2kT)/X, . Here
gp. B is the magnetic moment of the scattering cen-
ters, k is Boltzmann's constant, and ~, is the
mean free path due to the magnetic centers in
the absence of a magnetic field.

Boon' and, following him, Eisele and Dorda'
assumed that the second term in Eq. (2) is domi-
nant and consequently neglected the first term.
This approximation amounts to neglecting 1 in
Eq. (3) compared to 1/pa'aN. While this may
have been justified in the case of silicon surfaces,
we find that on Zno surfaces the opposite is true.
For typical values of AX=5&&10" cm and p, =50
cm'/V sec, we obtain X = 60 A and 1/gX'bN be-
comes about 0.02. Thus, in our case this term
is the one that is usually negligible and we can
write

(4)

For a quasi two-dimensional electron gas we ob-
tain approximatelym Xa= 2m(h/q)~p~AN. In addition,
usually 1/x' » I/x, ' and hence q' « I/), ' so that

5a~/Dao = 2z(k/q)mp'b, N tanh2(g pBB/2k T)/A, .

For low fields, this reduces to

has/4a, = (m/2)(@as/kq)'(g/k, ) pn~N(B/T)2. (6)

This (B/T)' dependence agrees well with the ex-
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FIG. 3. —~p/p vs B at 4.2 K and gN = 7.5 x 10~3

cm 2. Curve calculated by assumirg two kinds of mag-
netic scattering centers as explained in text.

perimental results at low B/T values. Moreover,
inspecting Fig. 1, we also find a qualitative agree-
ment with respect to the dependence on 6¹How-

ever, this may be fortuitous because both p, and

g/X, are b,N dependent. The values of g, as es-
timated from the deviations from quadratic be-
havior in Figs. 1 and 2, range from 35 at ~N
= 2.7&&10' cm up to 120 at b,N=6. 5XIO' cm

At higher fields, Eq. (5) [or Eq. (4)] cannot be
fitted to the experimental data using a single val-
ue of g. The fast rise of the MR at low fields and
a very gradual saturation at high fields (see Fig.
3) indicate that the MR must be due to at least
two kinds of magnetic centers with different g
factors. We can incorporate this in the theory
by substituting q, +q, for q in Eq. (4), where q,
and q, pertain to the two kinds of centers, and
are defined similarly to q using pertinent values
of g, z and x,». In Fig. 3 we plot —&p/p (dots)
vs B up to 60 kG. The curve was calculated for
two kinds of magnetic centers, one withg, =100
and A.„=970 A and the other with g, = 6 and A»
= 1840 A. The agreement is seen to be good over
the entire range.

The ZnO data presented are distinguished by
the fact that the MR is negative over the entire
experimental range. This is in contrast to other
surface channels studied' "where the positive
MR largely masks the negative effect. The rea-
son for this difference in behavior is that in ZnQ

channels the mobility is quite low (50-100 cmm/'il'

sec) so that the positive MR (= 0.4p.'B') is expect-
ed to be only about 0.1% at 60 kG, which is negli-
gible compared to the negative effect, about —5%.
The reason for this rather surprisingly high neg-
ative MR may be due to the large g values of the

scattering centers, which result in a strong in-
fluence on the conductivity, even at such low mo-
bilities.

Several models have been suggested to account
for localized magnetic moments in semiconduc-
tors but none of them explains satisfactorily the
occurrence of the large moments encountered ex-
perimentally. Toyozawa'4 proposes a model in
which part of the impurity sites in the doped semi-
conductor are relatively isolated and thus have
localized moments. These sites interact with the
conduction electrons as well as with some of the
neighboring sites and in this way give rise to rel-
atively large moments (-10@,,). Boon" considers
a disordered system where the low-energy elec-
trons become localized and act as magnetic scat-
tering centers. Andrianov et al. ' suggest the for-
mation of impurity clusters having relatively
large magnetic moments. Any one of the above
models, adapted to the surface, could explain
the functional dependence of the observed nega-
tive MR. We have chosen to compare our results
to the theory based on Boon's model" because its
assumptions seem to be closest to the condition
prevailing" in surface channels. However, for
large magnetic moments, Toyozawa's theory'4
predicts also a square dependence of the MR on
tanh(gp, /kT). Thus, apart from a factor of 2 in

g, both theories predict the same functional de-
pendence.

The scattering mechanism in the ZnQ surface
channel is not quite understood yet. From mo-
bility measurements"" as a function of ~A it ap-
pears that the dominant surface scattering is due
to charged centers. It is very tempting to iden-
tify the charge in these centers with the positive
charge on the surface necessary to balance the
space charge in the accumulation layer. The oc-
currence of this charge in large clusters could
explain the functional dependence of the mobility.
Similar clusters were indeed found"' at the Si-
SiO, interface and were interpreted" as due to
image forces. The giant magnetic moments found
here may possibly be due to the electrons shield-
ing these centers, in a similar way as proposed
by Toyozawa'4 for the semiconductor bulk. The
dependence of g on AN could then be due to in-
creasing cluster size with increasing 4¹
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The core levels and the valence-band region of CeN have been studied by x-ray photo-
emission. Clear evidence is found that Ce has a mixed valence between 8 and 4 in this
compound. . A comparison of the 4d spectra of the Ce pnictides and of pure Ce at different
temperatures leads to the conclusion that the n phase of this metal corresponds very
likely to an intermediate valence.

In many respects Ce shows quite exceptional
properties, both in the pure metal and in com-
pounds. These properties are related to the fact
that Ce is the first element of the lanthanide ser-
ies; its 4f shell is occupied by at most one single
electron which has the largest orbital radius of
the whole series and is expected to be very weak-
ly bound. It is not well established today whether
the peculiar behavior of Ce, which manifests it-
self in anomalous changes of the lattice constants,
has to be attributed to a delocalization of the 4f
states forming a band or to an intermediate va-
lence arising from an interplay of 4f states with
5d states.

The y- n transition in pure metallic Ce pro-
vides apparently one of the clearest examples of
a transition driven by a configuration modifica-
tion in the outermost electronic levels. The mag-
netic and lattice constant data' can be explained
in a promotion model by a valence change from
3.0 to 3.7, which should be clearly reflected by
photoemission spectra. Unfortunately the hydro-
static pressure required to produce the o. phase
at low temperature cannot be realized at the pres-

ent time in the existing photoelectron spectrome-
ters. The available spectra" correspond to the
trivalent y phase (with only a low concentration
of o phase for cooled samples). Until now it has
not been possible to locate by photoemission the
energy position of the occupied 4f level in y-Ce.
An attempt has been made to analyze the x-ray-
photoemission spectroscopy (XPS) spectra of the
valence bands of La, Ce, and their aluminum al-
loys. An ingenious but questionable manipulation
of the data places the 4f states 0.5 eV below the
Fermi energy. 4

In the XPS spectra of Ce halides, the position
of the 4f level could be determined by compari-
son with La halides. ' In CeF„only an isolated
peak above the valence states is observed. In the
available spectra of Ce pnictides (CeAs, CeSb)
the situation is again quite confusing. ' No char-
acteristic 4f structure is found, although it is es-
tablished that these compounds are trivalent at
room temperature. Magnetic data might provide
indications of a valence modification at low tem-
peratures. ' In addition, CeP shows an anomalous
volume contraction at a pressure of 100 kbar, '
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