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Electron Tunnelin'g in Cr-Cr
2

0
3

-:Netal Junctions. 

1-G. I. Rochlin and P. K. Hansma 

Department of Physics, Urdversi ty of California 
and 

Inorganic Eaterials Hesearch Division, 
Lawrence Radiation Laboratory, 
Berkeley, California 94720 

JU3S'l'RAC'I' 

Conductance I:leaSUrements on high-quaIi ty, thin film 

Cr.,...Cr
2

0
3
-Hetal tunnel junctio~ls shov neither structure due 

to the antiferrom"ignetic energy gap of bulk Cr nor zeroc-bias 

anomalies. The conductance is almost linear in voltage at 

low temperatures and biases, with fine structure at 28, 

44, 62, and 82 meV. These results are in qualitative: agree-

mentw.i th the assumption of inelasti c tunnelj.ng via cl,=rr:cntary 

excitations of the Cr
2

0
3 

barrier . 
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He have measured the temperatur'e and r::agLetic fi elcl dependence of the con-

ductance of more than 80 thin-fi.lm Cr-Cr 203-M tunnel junctions, \,·11cre M (I<ctal) 

1 2 
is Ag, Sn, or Pb. Contrary to other reports, , none of our ju.nctjons ezi.lioit 

giant resistive anomalies. 
1 

lUthough the even conductance, Ge(V) := 2[G(+V)+G(-V)), 

is linear in dc bias, V, at low ten~eratures, the temperature and Magnetic-field 

dependence indicate that this is not due to irrrpuri ty induced zero··bia:s anorr:a:" 

lies
l

- 3 or small metallic inclusions.
4 

In particular:(l) G(V) has no observ-

able magnetic field dependence to < 0.1% for applied maGnetic fields (H)tet\-reC'i1 

o and 30 kG at 1. 2K. (2) Belo\-T lL2K, G(O) is nes.rly tenperature--indepertl'ient, 

having a slope of ~ 0.5% per K; (3) the shaDe of G (V) is indeDenC:.ent of toth - e . ~ 

magnetic field and temperature in the range 1.1K ~ T :5 4.2K, 0 ~ H S 30 tG. \fuen 

Sn or Pb was used as the second electrode, excellent supercond1.lcting tunnel 

characteristics were observed below T . for superconducting PO electrodes, G (0) c' 

at 1.2K was as law as ::::: 0.1% of the normal state conductance and the phonon 

structure due to the strong-coupling behavior of Pb was as large as in the best 

Al-I-Pb junctions. 5 He conclude that the electron transfer mechanism is ol'dinary 

electron tunneling, that zero-bias anomalies due to scattering from magnetic im­

purities
l

- 3 or due to small metallic particles in the oxide
4 

are of no importance, 

and that the quality of our junctions equals that of the best Al-I-~'! junctions. 

Fig.d i11ustrates the shape of the G(V) vs V plots for several djfferent 

junctions at liquid He
4 

temperatures in a magnetic field sufficieDt to quench 

superconducti vi ty in the Sn or Pb films: Cons i.dering the variation of counter , 
i. ! 

electrode composition and the wide range o'r juncti.on resistances, the similarity 
I 
i 

in shape from sample to sample is remarkable. :Our curves are also very siI1J.ilar 

6 
to those reported by Shen for tunneling into sinsle crystal Cr. TheSE: data are 

clearly characteristic of clean Cr-Cr
2

0
3

-M junctions, and earlier observations 

r, 

., 

:'.; 

j 
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of giant anomaliesl,~ probably rep:l"esent impurity effects or 101-.' quality jur:ctions. 

Samples '..rere prepared by electron-beam evapol'8,tion of hiGh purity 7 Cr in an 

ion-pumped vacuum sy~,tem at < 10-7 Tel1T. '1:"ne Cr strips, 1000--2000 A thick and 

0.5 11111l wide, were usually oxidized in laboratory air ina 200°C oven for 1()<~O 

milll.ltcs. A few s~l.mp.l(;;:; \-H,'1'e oX'idi,zerl for ::cV(;1'i,I'] Ti!OllLl,::: at ]'OUl1! Li:II!!)!.!!':!.i,II)'(.' ill 

a small desiccator. Previous investiGations 
8 ,9 have sho\-rn tlnt tlw latt'-.!l' );;('!U;od 

consistently yields 50 A thick oxide layers. Since both'types of oxidation Give 

roughly the same junction resistance and properties, the oxide thickne::os in all 

of our junctions is taken to be ~ 50 A. Prelirnirlary junction capacitance lEt'8.SUre-­

ments, using a value of 12 for E: (Cr
2

0
3

) ,10 are t~onsistent with this e~;timate. 

Following the oxidation, 0.5 mm-wide cross strips of Ag, Pb, or Sn i.Jere dqJosi ted 

to form the second p.lectrode. 

In order to isolate the mechanisms responsible for the linear conductance, 

we fabricated a scunple consisting of 1000 A of Al vi th a 60 A overlay of Cr; 

this sample was oxidized in the usual manY-ler. Since the Cr overlay -was :r'ou Ghly 

as thick as the oxide, and since Cr diffuses readily into·Al, little or no free 

Cr was present near the barrier.
ll 

One of these A1-Cr
2

0
3

-M junctions is ShO~l 

as A of Fig. 1. The shape of the characteristj c is the same as for Cr-Cr 2°3-1'1 

junctions except for a larger. aSyIJ1JIletry, which we attribute to the chanGe in 

contact potential when, the first electrode is Al rather than Cr. Despite the 

asymmetry change, both G (V) and dG (V)/dV were identical for both systems. 
e e 

Hence we conclude that the structure of'G (V) s due entirely to the oxide layer . ~ . 

rather than the Cr e1ectrode. 

Cr
2

0
3 

is the only common oxide
12 

which grmrson pure Cl' under' oxidi'Lt:i.on con-

8 913 
ditions similar to those we used. " a - Cr

2
0

3 
is qheIilica1ly and structm'ally 

. similar to Al
2

0
3

, having the a-corundum structure and a static die1ectric const~mt 

(£/E: )~ 12, but it is antiferromaenetic with a transition temperature of - 3J01(. o 

• '. "'"1 "! .,,'J •• : .• 

, .', 
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The magnon dispersio!1 relations and density of states have recently beer.. deter:nined 

d Off ' 14 by neutron .l ractlon, The differences behreen the !!ordinary!! behavior of 

Al-AJ~203-M junctio;1s and the remarkable behavior of Cr-Cr
2

0
3

-H junctions are 

dently a consequence of either the anti ferromagnetism ofCr 203 or exch::mge 

. +++ 
scat tering from the locali zed d-orbi ta18 of the Cr. ions. 

e'vi-

According to the theory of inelastic tunnelinG developed by Duke, Si Ive1':3 tein, 

15--16 ( ) and Bennett' DSB, broad conductance dips centered at zero bias may be causecl 

by the creation of elementary excitations in the barrier. As the bias is increased, 

more and more inelastic channels open up parallel to the conventional (elastic) 

channel, causing the conductance to increase with bias, The basic formula for 

the inelastic contribution to the conductance at zero temperature is 

where Nb(E) is the density of states for barrier excitations and g(E) is the 

exci tation-electron coupling parameter. f\.ssum:i ne: cons UUlt elastic conductance, 

and neglecting bias-induced barrier changes, the voltage derivative of the con-

ductance is given by 

At finite temperatures, DSB calculate G(V) for several types of excitation and 

various barrier conditions. A common feature of their curves is the disappearance 

of structure as a function of kBT/nw
m

, "There nu.\m is the energy of a given peak in 

Nb(E). In particular, the peak in dGe(V)/:dV dtie to a pea}: in Nb(E) is only 
i J 

slightly rounded at kBT ~ 0.1 nWm '. reduced"by - 70% when kBT ~ 0.3 hwm, and almost 

totally gone for kBT > 0.5 hw . 
- m 

Fig. 2 showsdGe/dV as a function of V and T for a typical Cr-Cr 203-tl! junc-

tion; at 1.2K there are peaks at 28, 44, 62, and 82 n:eV. T'ne progressive dis-

• 



,,; 
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appearance of the 10~rer bias stl'uctw:e as T is incl'C:a,,:ed is charc,ctedst:l.c of t,:1e 

DSB theory; ordinary thermal smearing would rcdl..:ce 2.11 peaks equally. At TTY, 

~ kBT/eV for this series of peaks is equal to 0.24,0.]5,0.11, and 0.08, resp~c­

tively; at this temperature, the DSB theory predicts that the 28 T:1CV pee,l~ vill be 

;11; 

considerably weakened, while the other structl.lre wiD be affected only slj [Slit,] y. 

At 200K the k
B

'1'/eV ratios are 0.62, 0.39, 0.28, and 0.22; theory ir.diccLte:::; that 

the 28 meV peak will have vanished, the 411 rneV peak vii11 be signifi cantly di::!'inislicd, 

and the other tVlO peakE; Vlill be sOJnewhat weal"enE:'d .. ']'l1e::-;c qualitati'rE: p['ed:iction~: 

accurately describe the data of Fig. 2. It is difficult to attempt a mo:r-~ Qua!1Li-

tati ve fit because of the temperature-dependent backe;round vrhich is appart:~nt on 

the 200K curve (cf. the rise in dG/dV for V > 82 mV at 200K). '1'he change in back-

g~ound with temperature and bias precludes a direct measurement of the peak height, 

.. particularly at the higher temperatures and voltages. 

Although qualitative agreement seems to be good, we cannot obtain a quanti,· 

tative lineshape fit for our data. The l'ineal' dependence of G (V) on V at lOI-[ 
e 

biases , although due to nop-anomalous tunneling mechanisms, j snot deri va1)1~ 

from existing models. We note that the excitations contributing to G (V) ne?..1' 
e 

V=O are necessarily either acoustic phonons or antiferromagnons. Hovcver, ,Present 

calculations15- 17 predict that G (V,O) ex: V
n

, where n==2 for incoherent acoustic-
e 

phonon processes, n=3 for magnons, and n=4 for coherent acoustic phonons. A1-t~houe;h 

none of these models fits our data (for which 1'1==1), it should be pointed Ol.l.t that 

ea.ch model makes specific assumptions abput Ig(E) 12 ,{hich depend on the nature of 

~ '" ~~ 
the post.ulated coupling of the tunnel:i.ng electron to the barrier. It is also 

assumed that the excitation dispersion relations are essentially the sarl1.e in the 

thin oxide layer as in the bulk. The accuracy of these assumptions is more ques-

ti.onable in the case of our thin oxide layers than in the Schottky-barrier diod~~,) 

a.nl1.1yzed by DSB, 
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Despite the dlfficulties in fi ttins the COfldue:tar,Ce lineshapes, the C]uc,li-

tati ve agreement of the temperature dependences of bOUl G (V, '1') and the pe2_}:S in 
e 

dGe/dV \lith the DSB theory leads us to believe t!1c,t it is applicable to our cx:peri- ~. 

ments. vIe tentatively conclude that ve are o1)serving inelastic tunneli E£' via 
• 

elementary excitations of the oxid~ layer, although a different mocel fOT the 

coupline; appears to be necessary to obtain qu':"ntitati'le agreclEents at J.ov biases. 

We have therefore attempted to identify the pca};.::' in de; /dV i-TU.,h LW)'.,·n e;.:::it,c·­
e 

tions in Cr
2

0
3

. Infrared reflectivity expe:ciJll,;;rlt;slO h::lve shcl'.m that thu',:; c~.['C: 

strong optical modes in bulk single-crystal Cr
2

0
3 

at 66 and 74 meV, "7ith other 

weaker modes distributed between 35 and 90 meV; tbis determines the k=O optical 

phonon frequencies for six transverse and six longitudinal branches, but gjves 

no indication of the corresponding energies near the Brillouin zone edges. The 

.. 14 
magnon density of states in Cr

2
0

3 
rises Quadratically to a sharp peek at 53 meV, 

falling rapidly to zero at 56 rwV; although DSB predict17 that dG
e 

(V)/dV a: Nb (eV). 

for such magnons, \-Te observe no structure' in the vicinity of the measured Cr 203 

magnon peak. The acoustic phonon spectrum is presently unknmm. The 28 meV 

'peak may be due to acoustic phonons, while the 28 meV and 4t\ meV peaks rni ght also 

be due to magnons or hybrid phonon-magnon modes at branch crossings. Assnming 

large momentum transfers, all of our peaLs might also be ascribed to optical phonons 

near the edges of the zone. Conspjcuously absent from our data is structure 

corresponding to the antiferromagnetic gap in bulk Cr.
18 

We have also made Fovler-Nordheim plots of our higher-resistance jU:lctions 

to determi,ne the barrier height. 
. . i-3!2 3'? 

vle derive 'a value for s¢ of 8.1+ [1\( eV) .' -] , 

where s is the oxide thickness and ¢ the meal! b8,rrier height. Using the previous 

estimate of 50 A for s, ~ ~ 0.3 eV. This indicates that all of our data is ":true" 

tunneling at energies below the mean barrier he:cght. T,-1e also estim2.te from the 

above that s¢1/2 ~ 20 [A(ev)1/2] for Cr
2

0
3

, \-Thieh is quite close to the cop.unonly 

,., 

IJ 
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, (; d 1 f A'l ° f th h' 1- ] -, J :;-1 /;;> tl 1 I,'" , -, - , accep"(; , va ,uear -- 2 3; -'or - e~;e 11:',1! va __ wos () S\j-' , '!<:; ,',I"]) icL)p-COLtln:L'L . .1U)l 

used in the theory j s sufficiently valid for cornpuLing the tutlncjitif, rt,ot.('iz (clement.::;. 

Clearly, the (.:Jnly sit:;nificant difference bct'.-iCCll Cr
2

0
3 

and AJ.
2

0
3 

is the 1,8,g-

netic behavior of the former, which must be responsililefor the enorn;ous enlla.nce-

ment of the inelastic tunneling in Cr
2

0
J 

barriers. As previously mentioned:, the 

present theory of magnon-assisted inelastic tunneling predicts a cubic dependence 

of conductance on bias voltage for both coherent and incoherent mecr,anisns. 'rhe 

incoherent scattering model involves impuri ties in the oxi dE, layer. It seew;; 

unlikely to us that all our junctions vould be 80 similar, and :i n sLv:h f,ooc1 r,c:ree­

ment with other experiments,6 if impurity nechanif;ms dominated. '1'11c coherent 

scattering mechanism cOUl)les the electrons to ma8nc.ll1S via the l1ighly loculi c.ed 

+++ . 
d-orbitals on the Cr ion sites by s-d exchanGe. Such a model expl8.ins Ifhy 

Al
2

0
3 

shows so little structu:r:e and predicts the amplitude of the effect to be 

very large in Cr 2°3. However, we do not observe the change in G( 0) "rith magnetic 

I 

field which is predicted by the magnon models. A reasonable al ternati ve hypo--

thesis is that o.f strong coupling to barrier phonon modes via coherent or ir:co-

+++ 
herent scattering of the tunneling electrons by the Cr ions. It remains to 

be seen whether a quantitative model based on H physically reasonable coupliner, 

will predict the observed linear dependence of conductance on bias. 

Further neutron studies on Cr 203 to determine the phonon spectruT:i 1-roulcl be 

of great value. In particular, the energies corresponding to the cutoff of the: 

acoustic phonon spectrum and the opticai,phonon frequencies at the edges of the 

zone are required if "Te are to make detailed cf)mpari sons with the structure 
I 

observed in dG jav. 
e 

< 
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FIGURE CAPTIONS 

Fig. 1. Conductance vs bias voltage for sevel'al different junctions at ~ h. 2K, 
.~ 

normalized atV=+120 mV;positive bias correSpO:lc1sto Cr positive.' (A) 

-1 ( ( ) • AI-Cr
2

0
3
-Sn, no offset, G +120)""2211; B Cr-C~'203-Sn) G, offset +l divisior, 

G-1 (+l20)=ll0I1;(C) cr~cr203-Pb) G offset +2 dbisions, G-
l 

(+l20)==1,750n; 

(D) Cr-Cr
2

0
3
-Sn, G offset +3 divisions, G-

l (+120)=25~OOOD. 

Fig. 2. The volta;2;e derivative, dG (V)/dV, of the even conductance as a functjon 
- e 

of bias for a Cr-Cr
2

0
3

-Sn junction at several temperatures. G (V) for all 
e 

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

purposes; to obtain an absolute comparison, dG Id'! (77K) should be Yr-ill tiplicd , e 

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

indicates typical scatter in the value of the deri vati ve. SamlJle to samo} e 

variation of the estimated position of the various peaks is < ± 3 m'!, vihich 

approximates the accuracy to which tbe data may be read. 
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Normal ized isuch tho t 
G(+120mV) .is the same 
for a II curves 

8,C,D offset for clarity -
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Norrna'lized such that 

GN (150 mV) is t~e 

UCRL-19174 

-r 

same for all temperatures 

28mV 44mV 62mV 82mV 

o Ii O~--2~O~--4~O~~6~O---B~O~--'I~O~O---12~O--~ 

Vol tag e (rn vi) 
, I 

I ,. . 
L~· : 

XBL702-2305 

Fig. 2 
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