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Magnetoresistance of magnetite point contacts and nanoconstrictions

0. Céspedes,? E. Clifford, and J. M. D. Coey
Physics Department, Trinity College, Dublin 2, Ireland

(Received 26 April 2004; accepted 8 December 2004; published online 7 March 2005

Point contacts of magnetite exhibit large, reversible increases of conductance by a factor of up to 5
in the presence of a small magnetic fild10 mT), provided the conductance is less than the
quantum of conductanc&, (12 900Q)™. Smaller effects are found iflLay;SrysMnO; and
Co,Cry Fey 4Al. Comparable effects observed in magnetite nanoconstrictions milled using a
focused-ion beam in thin films deposited on oxide substrates are only reversible on a time scale of
hours. High-resistance nanogaps show evidence of field emission beyond a voltage threshold, which
is itself field dependent. The results are discussed in terms of spin-polarized transport,
magnetostriction, magnetic dipole strain, and Fowler—Nordheim tunneling0@5 American
Institute of Physic§ DOI: 10.1063/1.1853497

I. INTRODUCTION magnetization tends to produce a strain. To first order, the

) _ magnetostrictive strairz conserves volumes=»\(3co% 6
The question of spin-dependent electron transport acrossyy ;5 \yhereg is the angle between the measuring direction

a nanocontact or a nanoconstriction has generated much iﬂhd the magnetization. The saturation magnetostriotiois
terest and controversy since the original report of 280%1magt'ypically 10-10"%. The strain for a crystallite 102m in
netoresistance in mechanical point contacts by Ga&C&. g ¢ i therefore 0.1—1 nm. It is important to consider mag-
Large magne:\toresstance values havg a}lso been reported dBtostriction when designing and interpreting experiments
electrodeposited, low-magnetostrictive, permalloyWhere tunnel barriers are involved.

nanocontactd. Nickel point contacts formed in controlled Here we focus on magnetoresistance of point contacts,

break juncti_on% or nanoconstrictions formed_ in nanopoAres nanoconstrictions, and nanogaps formed from magnetite and
usually exhibit a much smaller magnetoresistance of only gner half.metals, where the greatest effects are to be ex-
few percenlf: Ananocontacnsdformed when thﬁ surfahces of bected. Half-metals exhibit complete spin polarization at the
two crystallites are pressed or grow together, whereas gq i jevel when the temperature is far below the Curie

nanoconstrictionis a n_eck n contm_uous solid film, which point. Most candidate materials are transition-metal oxides
may or may not coincide with a grain boundarynanogap or Heusler alloys

arises when there is no direct contact across the junction

(Fig. 1). Various electron transport processes can be envis-

aged in the nanozone between the two sides—diffusive, ball- RESULTS
listic, or hopping transport, tunneling or field emission. Fur-a. point contacts

thermore, in magnetically ordered solids, the magnetization ) . )
may be continuous or discontinuous in the nanozone, de- e have investigated point contacts between two small

pending on whether or not the exchange interactions propa{:_rystallites of the same material, using a simple piezodevice

gate across it. But even when they do propagate exchanq@th vibration isolatior? It is possible to stabilize the resis-
and magnetic structure may differ from that of the bulk, ont@nce of a contact for long enough to be able to measure the
account of the preponderance of surface atoms with reducddV characteristic with and without a magnetic field. A typi-
coordination. cal measurement involves four curves, alternately taken

An important observation regarding magnetic nanocon-

strictions was made by Brurfoand subsequently confirmed

by numerical simulatiofi.Domain walls tend to be trapped at

or near the nanoconstriction, and the wall width there is of

the orders, the constriction width. It is therefore possible for &
narrow domain walls to exist in magnetically soft materials. w

The wall energy is of the ordeks instead of(AK)*2S, where
A is the exchange parameter10'1 J ni), K is the aniso-
tropy constan{10?—10° J ni’3) andSis the wall area.

A prime concern when measuring magnetic nanocontacts \/ \_/

or nanogaps is to distinguish the effects of spin-polarized

transport from mechanical effects such as magnetostriction. /\ /\

Any magnetization process which changes the direction of

FIG. 1. Sketches of a nanocontact, a nanogap, and a nanoconstriction with
dElectronic mail: cespedeo@tcd.ie or without a grain boundary.
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FIG. 2. 1:V curves for a magnetite nanocontact, measured with and without = 204 w Fo” o
an applied field of 7 mT. Two possible magnetization processes, which can é},
give rise to a large magnetoresistance, are illustrated in the insets. In one 0 9 w"d: o, %
case, a domain wall at the contact is pushed into an adjacent crystallite. In s ot
the other case, a wall present in one crystallite is swept across the contact. 80 C, . . .
be ©
without and with an applied field of 8—10 mT. A typical data 60 o C0yCrgsFeg 4Al
set is shown in Fig. 2. Some of the data for3<9g9 . o (under vacuum)
(Lap 1St 9Mn0;,*° and MnBi! have been reported previ- 40-Po (;n"g&ﬁﬁﬁe)
ously, and a summary of the earlier work was publisH’ed. i o
The reproducibld :V curves are fitted to the expression 20-p @
% &£ o
| =GV+CV, (1) o- P
where the conductivityG and the nonlinear coefficien® o
depend on the field. The same behavior can be parameterized -20- . . . v
in terms of the heighty and widths of a rectangular tunnel 0.0 0.5 1.0 15 20 25
barrier using the Simmons mod®&lthe conductivity and the Conductance (G))

nonlinear coefficient can then be expressed as
FIG. 3. Plot of the magnetoresistance measureddpil15 FgO,- nano-

2 contacts,(b) 37 (L r9MnO; nanocontacts, antt) 36 Co.Cry ¢F |
G= %(g) (2m¢)1/zeXp{— (A%S) (2m¢)1/2} ) nanocont(aits. 'Igh(aeogi)g;)es(h) ere for magnetite cff/)stals W%\icﬁ'eh:\)/éAbeen
coated with a layer of gold.
asme’? [ e\* 47s o _ _
C= W 7 exp - e (2me¢) almost alwaysegative Only 5% of all curves show a posi-
tive value, and only one contact out of 115 recorded on mag-
_ G¢ netite. Figure 8) includes data on magnetite crystals with a
Yy X const. thin surface coating of gold. In this case there is more evi-
dence of magnetoresistance whée= G, than for the un-
Magnetoresistance is defined as coated case.
Aplp=[G(0) - G(B)/G(B) = [R(B) - RO)JR(0).  (2) In fitting the curves to Eq(1), there is a clear inverse

correlation betwee/G andG; the less conducting the con-

Note that with this definitiomp/p cannot exceed —100%, tact, the more nonlinear theV curve (Fig. 4). When G
and it is negative when the resistance decreases in the ap-G,, there is no direct metallic contact, and some sort of
plied field, as is usually the case. The “headline” definitiontunnel barrier is formed.
with G(0) in the denominator has no lower limit akp/p. The possibility of magnetostriction, which might be ex-

Figure 3 shows scatter plots of the measurements gbected to influence the barrier thickness, was investigated in
magnetoresistance for three different half-metals. A featurseveral ways. Some experiments with a point contact be-
of the data on these and other systé]msthat there is little  tween polycrystalline magnetite and a gold electrode estab-
magnetoresistance whé&> G, but whenG <G, the effect  lished that magnetoresistance of either sign could be ob-
can exceed -80%over 500% increase in conductivity served. In that case, the magnetoresistance was as often
Here G, is the quantum of conductance e2h  positive as negative and the average was zero. In a field
=(12 9000Q)7% A difficulty with these experiments is that rotating at frequencyf=10 Hz, a signal is observed af 2
there is little control of the contact. When the measurement20 Hz, which exceeds the 10 Hz signal. However, we dis-
is repeated, a different contact is established so it is necesount magnetostriction as the major reason for the magne-
sary to accumulate a great deal of data and view it statistitoresistance of the point contacts shown in Fig. 3 for the
cally. Nevertheless, it is evident from Fig. 3 thAp/p is  following reasons:

Downloaded 12 Aug 2009 to 134.226.1.229. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



064305-3 Céspedes, Clifford, and Coey J. Appl. Phys. 97, 064305 (2005)

@ Magnetite (pdlycrys.) > - linear fit .8kQ
8 Magnetite (single crys.) > — linear fit A 24ka
a) X Gold Plated magnetite -> —— linear fit 20 o In () =2.2-2.261In (s
100 7kQ -
< -
E 74k
= 15kQ
o 24kQ
8 1 S 10- *
: o 9 18kQ "
g 8
S 7
1 8 6 ® MgALQ, substrate
O MgO substrate
0 5 1 Al,0, substrate %ka o. .
by 1 4 90kQ
3 4 5
< Barrier width (A)
°
% FIG. 5. Plot in a log—log scale of the barrier height and width of nanocon-
2 strictions obtained from the Simmons equation. The barrier height increases
B as the barrier width is reduced, as it happened with magnetite point contacts.
‘£ 01
o o
Another method of measuring point-contact magnetore-
6 7 8 910 20 sistance is in powder compacts.The measurement is
Barrier width (A) simple, but the interpretation is not, as there are many con-

duction paths and the resistance is dominated by the least
FIG. 4. Plot ofC/G vs G (&) and barrier height vs barrier width) assum-  regjstive contacts, which exhibit little magnetoresistance. A

ing a cross section of 2010 nm for the points in Fig. @). For poly and . . . . .
single crystal magnetite nanocontacts, the barrier height increases with t olution is to dilute the CondUCtmg powder with @ noncon-

barrier width with the same slope, but for a certain barrier width, the barrierducting powder, and measure powder magnetoresistance near
height is bigger in the case of polycrystalline magnetite than for singlethe percolation threshold. In that case the maximum magne-

crystal. In gold-plated magnetite nanocontacts, the barrier height remainﬁ)resistance will be Ap/p% PZ/(1+P2).
roughly constant for different barrier widtligap spacing

« the observed magnetoresistance is almost always negB- Nanoconstrictions

tive; . . o In order to avoid problems related to the short-lived sta-
* the signal observed aff2n a rotating field is much less i of the point contacts, we studied a series of structures
than_tr_u_e signal at _freq_uendy and ) . engraved in thin films by focused-ion bedFiB) patterning
* the initial magnetization process in ferromagnets in- qin the G4 ion beam in a dual-beam FEI Strata 235 in-
\{olves reversible d_om_am V\_’a" motlon, not a reorienta- gy ment. We restrict our attention here to magnetite films,
tion pf_the magnetization dlrcho_n. Hence, the Magneyyhich were prepared by sputtering on MgO, ,@4, or
tOSt.”Ct,'on in the small applied fields of 8-10 mT is MgAl,O, substrates. Most of the films show the Verwey
vanishingly small. transition at 110—120 K. Single or doulligeanut constric-
The degree of spin polarizatidhcan be deduced for the tions were fabricated, and the magnetoresistance measured

materials used for the point contacts based on the greatedsing a four-point method. Chemical analysis by energy dis-
observed magnetoresistance, which we assume is due Bgrsion in x-ray analysis of the FIB patterned nanostructures

magnetization processes like the ones illustrated in Fig. 2. gave gallium contents of less than 1%.
is deduced from the Juliére formula The behavior was again quite variable. The nonlinearity

B am2 5 of thel:V curve was correlated wit, and thel -V charac-

Aplp=2P%/(1 +P%). ) teristics were again fitted to Eql). The two parameter&
The values are listed in Table I. andC are related to the barrier height and width in the Sim-
mons equatior{Fig. 5. In this section we present the char-

TABLE I. Point-contact magnetoresistance, spin polarization, and magneto@Cteristics of contacts with 0.050<G<2 G,. The higher-

striction. resistance contacts are described in the following section.
Lower resistance contacts show linéa¥ curves and mag-
|80/ plma (%) P (%) As (10°9) netoresistance below 2%.
Fe0, 94 94 19 A significant change in resistance of the nanoconstriction
(Lag 1St 9MnO; 43 52 13 is sometimes observed on applying a magnetic field. The
Co,Cry Fey Al 81 83 5 applied field these experiments is 400 mT, but magnetostric-
MnBi 87 88 c tion is excluded by the rigidity of the substrate. On applying
%Ses Rof 13 the field to a nanoconstriction, the conductance can increase
PSee Ref. 14. dramatically, varying from a high resistance state character-
‘Unsaturated in 6 T, whergs=-200x 10°°, istic of a nanogap to a resistance in the nanoconstriction
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FIG. 6. 1-V and differential resistance for a magnetite nanoconstriction withFIG. 8. |:V and Fowler—-NordheingF-N) plots of a sample before and after

an initial nonlinear 15 M) characteristic that turns into a linear 200k applying the current. The initial transport presents a maximum resistance of

characteristic in the presence of a magnetic field of 400 mT. 60 k0 and a positive F-N slope. After applying the current, the sample
changes into a nanogap with a resistance of 280and negative initial
slope for the F-N plot.

range(Fig. 6). However, the constriction does not immedi-

ately revert to the high-resistance state on removing the field. " g
This is a slow and gradual process, which may take a week ! = (@V/w9)exp(- by V), (4)
or more to complete. When something like the initial high-wherea andb are material constants; is the work function,
resistance state is restored, it can be switched back again d w is the gap width. A plot of 1i/V?) vs V1 at high
the low-resistance state by applying the field. It seems thajoltages has negative slope in the field-emission regime.
the larger the magnetoresistance, the longer the recovery Thjs field-emission regime can be induced by applying a
time. To speed up the recovery process, we applied a highigh current(>500 uA) into a low-resistance device. The
current (~500 uA), which will form a different high-  cyrrent may displace material out of the constriction, chang-
resistance contact due to migration of the atoms in the vicinmg the nanoconstriction into a nanogap, or modify the ge-
ity of the nanoconstrictior{Fig. 7). Similar magnetoresis- ometry in the vicinity of the nanostructure. In this way, by
tance may be observed for this contact. applying a high current across a nanoconstriction, we can
observe an upturn in the Fowler—Nordheim plot that was not
there beforgFig. 8).
C. Nanogap We find that the slope of the Fowler—Nordheim plot near
) ) ) ) the onset of the field emission regime is dependent on the
We consider a magnetite nanozone with a resistance Qfyjied magnetic field, when there is no field dependence in
more than about 200¢k to be a nanogap. A differentV  nq tynneling regiméFig. 9). The magnetoresistance is posi-
curve is found in this region, where the tunneling charactery;,e  unlike the behavior reported for a magnetic
istic of Eq. (1), gives way to a steeper increase of currentsemiconductdf and there are variations of a few percent per
with voltage above a threshold. In these devices where thfesla[Fig. 10@)]. The dependence of the current near the

potential drop across the nanozone gives electric fields gffexion point in the plot with the magnetic field can be
order 16 Vm™ or 1 V nni?, the tunnel barrier is distorted

to a triangular shape leading to field emisst8iThe emitted

electrons are accelerated across the nanogap, but they do not = %, o No field .
) L ® .
create a discharge there because the mean free path of the 5 04T .
. - . -1284 = ]
electrons in air is much longer than the width of the gap. The <
field-emission region is described by the Fowler—Nordheim = .
- 16 _ £
equatior < o oiH .
~ -13.2 V[V
< “  as|® .
. b ¢=4840V
é & g * s=25A 4
£ g ° T
-13.6 5 ¥ 3
g, :
.
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FIG. 9. F-N and tunneling in a nanogap at 0 and 0.4 T. The tunneling

parameters are the same with or without field, but the slope of the F-N plot
FIG. 7. Scanning electron microscopy images of a nanoconstriction beforen the field emission regime is increased in the presence of the magnetic
and after applying a high current of 5Q0A. field.
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analyzed Fig. 10b)] and the change of energy level can be
deduced from the height of the barr[€fig. 10c)]. From this
analysis we see a change of order 100 mV @f the voltage

at which field emission starts.

Conductance (G))

FIG. 11. Plot of the rati¢C(B)/G(B)]/[C(0)/G(0)] showing the change of
curvature of the :V plot when the magnetic field is applied. No charige
ratio of 1) indicates no mechanical change in the contact.

samples, suggesting that most of the magnetoresistance
(MR) there is related to the spin-polarized transmission prob-
The conduction process in magnetite is hopping of smalbbility.
polarons, not diffusive spin transport as in a normal metal  The role of magnetostriction in small fields was already
like Au, Ni, or (Lag7Sry9MnO3. The difference in conduc- discussed in Sec. Il A. Another possible magnetomechanical
tion process is evident in break junctions, where a series adffect arises from the dipole—dipole interaction between the
conduction plateaus is observed for the metallic conductors;rystallites™® The dipolar force between the two crystallites
but not in magnetite where a histogram plot of resistivityis of orderuoHysMd? whered is the crystallite diameter and
shows a single weak peak@t.'° The critical hop in a point  the field Hy produced by one on the other is approximately
contact across the interface from one surface to the next will1/47)M. The straine produced by this force igoM?/47Y,
be influenced by surface phonons as well as by an ill-definedhere Y is Young’s modulus. Takingy as 2< 101 N m2,
adsorbed surface layer. and M=400 kA ni'%, the saturation magnetization for mag-
The first issue to consider is whether the point-contachetite, givess=8x 1078, Sinced=~10* m for our magnetite
magnetoresistance arises from mechanical or magnetiorystallites, the change in size of the gap due to dipolar
changes of the junction. If the two crystallites are magnetiforces is at most 0.01 nm, and therefore negligible. However,
cally decoupled and the only change is their relative magnethis would no longer be the case if Ni nanowires a millimeter
tization, the transmission probability will have a prefactorlong were used.
cog 6;/2, which depends only on the relative orientation In the more conducting point contacts with no gold plat-
6:=(6,— 6;) of the magnetization on the initial and final sites ing it is expected that exchange coupling propagates across
of the hopping electron. The rati®d/G should be the same the contacfgold acts as an exchange barridr domain wall
for the in-field and zero-field states since it is determined byis likely to form there, and another source of nonlinearity in
the nature of the junction. The other extreme is to suppose nihe |:V characteristic is spin pressure on the domain
direct local magnetic effect on the transmission probabilitywall,***®which tends to displace it from the equilibrium po-
but only a magnetomechanical effect on the barrier. It is thesition. The wall is also modified by the applied field, but in
expected that there will be a decreaseGhG with field  point contacts, the field reversibility indicates that if there is
which follows the general trend displayed in Fig. 4. The trutha domain wall at the contact, it returns to its original position
seems to lie between these extremes: Fig. 11 shows the ratizhen the field is removed.
[C(B)/G(B)]/[C(0)/G(0)] plotted versuss. The ratio dips The situation in our nanoconstrictions is different. While
below 1 for the more resistive single-crystal contacts, buit is possible to observe large field-induced decreases of re-
there is no such trend for the gold-coated or polycrystallinesistance, reversion to the original state is a very slow process.

Ill. DISCUSSION
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Mechanical changes should be eliminated by contact witldata presented on nanocontacts. There is good evidence that
the insulating substrate, the MR is independent of the directhe large effects found in the more resistive structui®s
tion of the applied field and the relaxation times are of the<Ggy) cannot be explained by magnetically induced stfain,
order of days. These points are not characteristic of a magdsut that they reflect the spin-dependent hopping or tunneling
netostrictive process, so the magnetoresistance is probalfyobability of the electron across the contact. The data are
due to a change in magnetic configuration of the nanoconeompatible with a high degree of spin polarization of mag-
striction, perhaps by the elimination of a domain wall there.netite at room temperature.
We have no method of determining the spin configuration in  Interpretation of the results in terms of domain-wall mo-
the nanoconstriction, but it may differ from the bulk becausetion remains speculative in the absence of precise structural
the ferromagneti®-B interaction in magnetite depends on and magnetic characterization of the nanozone. We cannot
the hopping electron, whereas tiheA and A-B superex- tell, for example, whether a nanogap is actually a tiny air
change interactions are negatiVeOnce the wall is elimi- gap, or a zone of insulating Ga-containing oxide at the sur-
nated from the nanoconstriction, it is a slow process to reface. Electromigration can be a significant factor in these
nucleate it. The energy involved in the wall itself A5,  structures, given the electric fields and current densities
1071°-1029], but the energy\ needed to nucleate it must present at the conta¢t=10° V m~* and =102 A m™?). Re-
be a little greater since the time required is of order versible, field or current-controllable switching in a tailored
7o exp(A/KT) where 7;* is an attempt frequency of order nanoconstriction, the peanut device for exanigteremains
10'° s, The process is akin to magnetization reversal fara tantalizing prospect.
from the coercive field in a bulk ferromagnet.
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