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o ~ Electron Tunneling in Cr—Cr203fMetal-Junctions'A
G. I. Rochlin and P. K. Hansmai'b
Department of Physics, University of California
' and .
Inorganic Materials Research Division,
Lawrence Radiation lLaborgtory,
Berkeley, California 94720
ABSTRACT
Conductance mezsurements on high—qualiﬁy, thin film

- CreCréO3—Metal tunnel Jjunctions show neither structure due

to the antiferromagnetic energy gap of bulk Cr nor zero-bias

anomalies. The conductance is almost linear in voltage at

low temperatures and biases, with fine structure at 28,

b, 62, and 82 meV. These results are in qualitative agree-

méht with the assumption of inelastic tunneling via elementary
"excitations of the Cr203 barrier. ?
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Ve have measured the femperature and magrnetic field dependencs of the con-

ductance of more than 80 thin-film Cr-Cr 03~M'tunne1 junctions, where M (Metal)

2
is Ag, Sn, or Pb. Contrary to other reports,”’ ncne of our junctions exhiipit o
- Cn s s \ 4 T (v = Araleviect
giant resistive anomalies. Although the even conducilance; Gé(v) = E{U\+V)+UL“V)]> .

is linear in dc bias, V, at low temperatures, the temperature and magnetic-fieid
dependence indicate that this is not due to impurity induced zerc-bvias anoma=

. 1-3° R . o . o ,
lies or small metallic inclusions. = In particular: (1) G(V) has no obsarv-
able magnetic field dependcnce to < 0.1% for applied magnhetic fields (H) betwaen

0 and 30 kG at 1.2K. (2) Below L.2K, G(0) is nezrly tehgeratureuindepemdent,

having a slope of < 0.5% per K; (3) the shape of Ge(V)'ié independent of both

magnetic field and temperature in the rénge'l.lK <T < h.?K, 0 < H< 30 KG. When
Sn or Pb_was usédvas ﬁhe_second electfode, excellent superconducting tunnel
characte?isticsvwere observed below TC; for superconducting Po electrodes, G(0)
at 1.2K was as lov as ~ 0.l%yof the normal state conductaﬁée and the phonon
structure due to the strong-coupling behavior of Pb was as large s in the best.
Al1-TI-Pb junctions.5 Vle conclude that the electron trénsfer mechanism is ordinafy
" electron tunneliqg, that éero-bias anoméliés due to séattering from nmagnetic im-
puri’t;iesl"3 or dpé>to small metéllic particles in the-oxide are of no importance,
and that the quality of our junctions equals that of the best Al-I-M junctions.
Fig.+l illustrates theAshape of the G(V) vs V plots for several_djfferent
Junctions at liquid Heh temperatures in a magngtic field sufficient to guench
su?erconductivity in the Sn or Pb films}' ponsidering the veriation of counter
electrode composition and the wide r;nge Jf:junétion resistances, the similaritj 
' . |
in shape from sample to sample is remarkable. @Our curves are also very siﬁiiaf'
to those reported by Shen6 for tunneling into single crystal Cr. These data are

clearly”characteristic of clean Cr—Cr2O3—M Junctions, and earlier observations




]

'ments,'using‘a value of 12 for e(Cr

3= . -~ UCRL-1917h

.12 . L o e s
of giant anomalies™’  probably represent impurity eflfects or low guality Jurctions.
. - : . . . ) i i 7 ]
Samples were prepared by electron-beam evaporstion of high purity Cr in an
jon-pumped vacuum system at < 10“7 Torr. The Cr strips, 1000-2000 A thick and
0.5 ma wide, were usually oxidized in laboratory air in a 200°C oven for 10-20
minutes. A Tew samples were oxidized for cevoral r:v,<3nU"a:-'i",sx,t room Loempoeratayoe in
N | . . . . 8,9 ' ._ . ' 1 o3
a small desiccator. Previous investigations have shown that the lalier method
consistently yields 50 A thick oxide layers. Since both types of oxidation give

roughly the same junction resistance and properties, the oxide thickness in all

‘of our Junctions is taken to be = 50 A. Prelimitary junction capacitance mecasure-

203),l® are éonsistenﬁ_with this estimgte.
Following the oiidation, 0.5 mm-wide cross strips of Ag, Pb, or Sn were deposited
to form the second electrpde. |

In order té»isolate the mechanisms responsibie Tor the linear conductance,

we fabricated a sample consisting of 1000 A of Al with a 60 A overlay of Cr;

this sample was oxidized in the usual manner. Since the Cr overlay was roughly

as thick as the inde, and since Cr diffuses réédily ihto'Al, little or no free

2°3

as A‘of'Fig. 1.  The shape of the characteristic is the same as for Cr—Cr203—M

Cr was present near the bza,rrier.l:L One of these Al-Cr, 0O_-M junctions is shown

Junctions except for a larger asymmetry, which we atiribute to the change in

contact poténtialgvhen.the first electrode is Al rather than Cr. Despite the

asymmetry change, both Ge(V) and dGe(V)/dV were identical for both systems.

Hence we conclude that the structure ofﬁge(V) %s due entirely to thes coxide layer
L I '

rather than the Cf.elcctrodef
Cr O, is the Oniy common oxidele_which grows cn pufeHCr under oxidatlion con-

23 . :
‘s e e 8,9,13° = : e ’ .
ditions similar to those we used. ? o - Cr203 is chemically and structurally

2 3’

~ similar to Al 0O having the a-corundum structure and a static dielectric constant

'(e/eo)z 12, but it is antiferromagnetic with a transition temperature of ~ 310K.
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The magnon dispérsion relations and density of states have recently been determined
by neutron diffraction.l The differences between the ordlnary thaVlOI of

273

_déntly a conseguence of either the antlferromagnetism offcr203 or exchange

Al- AJ 0.,-M Junctluns and the remarl.xblD behavior of Cr—CrgO?QM Junctions are evi-
a 3

. : . ) . 2
scattering from the localized d-orbitals of the Cr ions.
According to the theory of inelastic tunneling deVeloped by Duke, Silverstein

15416 (

and Bennett DSE), broéd conductence dips centered at zero bilas may be caused
by the creatioﬁ of elementary excitations in the barrierx ‘As the bias ié increased,
more and more iﬁeléstic channels open up‘pafallel to tgé éonventional (elastic)
channel, causing the conductance to increase with bias.blfhé basic formula for

the inelastic confribution to the conductance at zero température is

VG inelastic( IeV]

V,0) = Const.
e

Ve(E)|Par (1)

where Nb(E) is the density of states for barrier excitations and g(E) is the
excitation-electron coupling parameter. Assuming constant elastic conductance,
and neglecting bias-induced barrier changes, the voltage derivative of the con-

~ductance is given by
ac _(v,0)/av = Nb(ev)lg(ev>|2. | (2)

At finite femperatures, DSB‘calculate G(V) for several types of excitation and
‘varioﬁs bérrier conditions. A common feature ¢f their curves is the disappesarance -
of structure as a function of k T/hw , where hm is the ehergy of a given peak in
N (E). .In ?arficular the peak in dc (V)/dV dile to a poak in N (V) is only
slightly. rounded at k T ~ 0.1 hw . reduced by‘v(Oﬁ when k =~ 0.3 ﬁwm, and almost

totally gone for kT > 0.5 hwm.

B

Fig. 2 shows'dCé/dV as a function of V and T for'a.typical Cr-Cr -M Junc-

2%
tion; at 1.2K there are peaks at 28, Lk, 62, and 82 meV. The progressive dis-
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appearance of the lover bigs structure as T is-increased_is charecteristic of the
DSB theory; ordihary thérmal sﬁearing wbuld"fcduce all pgaks‘equally: At TTE,
- ' kBT/eV for this series of peaks ié equai.to O.Qh,'o.lj, 0.11, and 0.08, respec-
‘ tivelys at this<fempérature, the DSB theory predicts that the 28 meV peek will be
N , .
‘ considerably weskened, while the other structure willnbe>affected only slightly.
AtHQOOK the kBT/eV ratios are 0.62, 0.39, 0.28, and 0.22; thecry indicates that
the 28 meV peak will have vanished, the Ll meV peak will be signilicantly diminished,
~and the othervtwo peaks will be somewhat wealened. .Thése gualitative predictions
accurately deséribe the data of Fig. 2. It is difficult to attempt a more guanti-
tative fit becaﬁée pf'the temperature-dependent béckground‘which is apparent on
the 200K cur?e (éf. the rise in 4dG/dV for V > 82 nV at ZObK). The chénge'in back-
ground with tempe}ature and bias precludes a direct meésufemenf of the pesk height,
"particularlY'ét the higher-ﬁemperatures and voltages.

Althoﬁgh qualitative agreement seems to be good, we cannot obtain a guanti-
tétive lineshap¢ fit for our data. The linear dependencé of Ge(V) on V at 1§w
biases, although due to non-anomalous tunneling mechanisms, is not derivable

" from existing models. We note that thg exeitations contributing to Ge(V) near
V=0 are necesséfily either acoustic phonons or antiferromagnons. However, oresent

‘calculationsls-l7

predict that Ge(V;O) o« Vn, wnere n=2 for incoherent acoustlic-
‘phonon'pfoéesseé; n=3 for magnons, and n=k foricoherentbacoustic phonons. Although
none of these models fits our data (for which h=l); it should be pointed out thét.
each modei makésxspecific dssumptipns aBpgt‘lg(E){? which depend on the nature of

2 the postulated cbupling.of the ﬁunnéling éi;ctrbﬁ.to tﬁe Harrier. It is élso
assumed that the excitation dispersion relations are éésentially the same in the
thin oxidg layer as in the bulk. The accuracy of these éssumptions is more ques-

tionable in the case of our thin oxide layers than in the Schottkyv-barrier diodes

analyzed by DSB,
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Desplte the dlfflcu1tles in fitting the conductance lineshapes, the quali-

o~

tative agreement of the temperature dependences of both Gé(V,T) anhd the peaks in
dG /dV with the DSB theory leads us to believe that it is. epplicable to our experi-
e . ' L

ments. We tentatively conclude that we are observing inelastic tunneling via
. L ]

elementary excitations of the oxide leyer, although a different model for the
coupling appears to be necessary to obtain quantitative agreements at low biases.

We have thcrefOIO attempted to identify the p ks in dGé/dV wilh rnown exhiis-

Lo - . 10, ' \
tions in Cr?O3 Infrared reflectivity experiments have shown that there ars

strong optical modes in bulk single—crystal Cr?O, at 66 and TL meV, with other

wesker modes distributed between 35 and 90 meV; this détérmings the k=0 optical

phonon frequencies for six transverse and six longitudinel branches, but gives

no indication of the corresponding energies near the Brillouin zone edges. The
. ok L X : .
magnon density of states in Cr rises gquadratically to a sharp pezk at 53 meV,

"2 3

falling rapidly.to zero at 56 meV; although DSB predictl7 that dGe(V)/dV o« Nb(ev):
for such magnopg, we observe no structure in the vicinity:of the measured Cr203
magnon peak. The acoustic phonon spectrum is presently:ﬁnknown. The 28 meV
- peak may be due to acoustic'phonons, while the 28 meV @nd 4 meV peaks might also
be due to magnons or hybrid phonon-magnon modes at branéh crossings. Assum%ng
large momentum transfers, all of oﬁr peaks might also be ascribed to optical phonons
_near the edges of.the zone.. Conspicuously absent fromvoﬁr datz is st rucfuze
éorrespondiﬁg to the antiferroﬁagnetic gap in bulk Cr.18 |

We have also made Fowler-Nordheim plots of our higher-resistance junctions

. . . ':" X X . .

to determiné the barrier height. We:derivg a value for 5?3/2 of 8.4 [A(eV)B/‘],
where s is.the oxide thicknesé and é the mean barrier Height. Using the previous
estimate Qf 50 A for s, & 2'0.3 eV. This indicetes that all of our data is "true"
tunneling at éﬁergiﬁg below thé méaﬂbﬁarvier height. We aiqo estimate Trom the

-1/2

above that s¢ =~ 20 [A( V)l/ ] for Cr which is quite close to the.commonly

2 3’

<»
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fo . ea1/e

accept :d. value for Al these h]pb values of s¢7/ 7, the WKB approximation

7 2 3’
used in. the theory is sufficiently valid for computing the tunncling matrixz elements.
» A Clear}Y,’%He only significant diffefencé between CL2 3 and A12Q3 is the nag-
netic béhavior of the former, which ﬁust'be fesponsible5fof the enormous enhance-
mént of the inélastic tunneling invcr203 bafriers. As. pzev1ou ]y mentioned, the

preoent theory of magnon- asolsied qulastnc tunneling Dredlea a cubic dependence
of conductance on bias voltage for both coherent and incoherent mechanisms. The
incoherent scattering model involves impurities in the oxide layer. It seems
unlikely to us that all owr junctions would be so similar,. and in such good &agree-
ment with other experiments, if impurity mechaniems dominated. The coherent
scattering mechanism couples the electrons to magnons via the highly localized
. o R e . . )

d-orbitals on the Cr ion sites by s-d exchange. Such a model explains why

3

very largé in Cr203. However, we-do not observe the change in G(0) with magnetic

E : o . _ : .
field which is predicted by the magnon models. A reasonable elternative hypo-

A1,0, shows so little structure and predicts the amplitude of the effect to be:

thésis is that of étrong coupling tovbarrier'phonon modes'?ia coherent or inco-
herent scatteringbéf the tunneling electrons by the Cr+++ ions. Tt remains to

be seén whethef aléuantitaﬁive model based on & physically reasonable coupling

will predict‘thé bbserved linear dependence of conducfance on bias.

Further neutron studies on Cr2 3 to determine the phonon spectrﬁm would Dbe

of great value. In particular, the enerﬁles corresponding to the cutoff of the

acoustic phonon spectrum and the optical.phonon frequencies at the edges of the
. ’ ’ . ) ' ’
< : zone are required if we are to make detailed comparisons with the structure

I
v

observed in dGe/dV. . , ‘
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FIGURE CAPTIONS

1. Conductance vs bias voltage for several different junctions

UCRT-1917L

normalized at V=+120 mV; positive bias corresponds to Cr positive. (n)

A1-Cr,.0_-Sn, no offset, ¢t (+120)=229; (B) Cr- ano Sn, G offset

2°3
G’l(+120)=1109; (c) Cr- Cr203—Pb G offset #2 divisions, G
(D) Cr- Cr203 -Sn, G offset +3 dv-lczons, ¢t (+120)=25,0000.

(+1

20)=1 750&,

2. The Vthdqe derJthlve, d" (V /dV, of the even conductance as a function

of bias for a Cr-Cr,0,-5n Junctlon at several temperatures.

23

temperatures was normalized to be the sume at 150 mV for data reduction

‘purposes; to obtain an absolute comparison, dGe/dV (77K) -should be multiplied

by a factor of 1.1 and dG_/dV (200K) by a factor of-1.2. The error bar

indicates typical scatter in the value of the derivative.

variation of the estimated position of the various peaks is

approximates the accuracy to which the data mey be read.

~e

i

Sample to sample

<

¥ 3 mV, which

+1 division,

[« 2
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such contractor, to the extent that such employee or contractor of the
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vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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