Strong Hall voltage modulation in hybrid ferromagnet/semiconductor
microstructures
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We present a new magnetoelectronic device consistinguahacale semiconductor cross junction
and a patterned, electrically isolated, ferromagnetic overlayer with in-plane magnetization. The
large local magnetic field emanating from the edge of the thin ferromagnetic film has a strong
perpendicular magnetic componer, (r), which induces a Hall resistanc&yy, in the
microjunction. External application of a weak in-plane magnetic field reverses the magnetization of
the ferromagnet and with B, (r), thus modulatingR,,;. Our data demonstrate that this strong
“local” Hall effect is operative at both cryogenic and room temperatures, and is promising for
device applications such as field sensors or integrated nonvolatile memory cell®9©American
Institute of Physicg.S0003-695(097)00747-X|

Novel magnetoelectronic devices form an area of currenpDEG. At T=300 K (4.2 K), the 2DEG, located about 77
and growing interest. Examples of this relatively new area ohm below the heterostructure surface, had density 2.3
research are studies of giant magnetoresistan@MR)  x 101 cm2 (1.5x 10*%) and mobility .« =8.4x 10° cné/V s
structures, spin-dependent tunneling devicksand spin  (1.1x10). After the junction patterning steps, a permalloy
transistor$. These rely on both the spin of the current carri- fijm layer was thermally deposited from ag\iFe, ;4 Source,
ers and the relative magnetization of two or more ferromagthen patterned by optical lithography and liftoff. During the
netic films to achieve modulation of electrical transport prop-deposition ofF, a small magnetic field was applied in the
erties. Micromagnetic phenomena occurring in  smallsample plane to induce an easy axis of magnetization along
ferromagnetic films are also of current interest, in part be{Fig. 1(a)].
cause they must be understood and optimized for the mag- Conventional four-probe ac magnetotransport measure-
netoelectronic microdevice applications in which they play aments were made on these devices using sense currents from
crucial role. This optimization is necessary both to controlp.3 to 1 uA while an in-plane fieldH,, was swept over
domain structure and to minimize fringe fields that can in-roughly +400 Oe. Prior to each sweep, an in-plane field of
duce extraneous magnetostatic coupling between ferromago0o Oe was applied to saturdie. Data for a typical device
netic layers. are shown in Fig. 2. At 4.2 K, the offseR,.=1/J Ry

By contrast, in this letter we describe a novel hybrid (+Mx)+ R, (—MX)] (see belowis very small andR (M),
ferromagnet/semiconductor structure whose operation ighich is a function ofH,, directly mirrors the hysteresis
based upon the substantial fringe fieRly), at the edge of a |oop, M(H,), of F.
single, um-scale, low-coercivity ferromagnetic filmF{.> Two trends were seen in the data from all devices. First,
While these local fields are large, of order kOe near thehe hysteresis loops contracted with increasing temperature.
edges off, their polarity is readily switched by application Separate measurementshfin larger, but otherwise identi-
of a much smaller in-plane fieldH, which reversesM  cal films, indicate that this results from decreasing permalloy
=MX, the magnetization df. Figure 1 illustrates the device film coercivity with increasing temperature. Second, the
geometry. The ferromagnetic filrg is positioned a small overall magnitude ofR,(>1/ns) generally decreased with
distancess, from the center of the cross junctifRig. 1(@].  increasing temperatufiéig. 3 (insed]. We attribute this, in
In-plane magnetizatio generates a local magnetic field, |arge part, to increases im with increasing temperature as
B(r), with a large local componeperpendiculatto the con-  discussed belowsee also Fig. 4 Consistent with this pic-

ducting layer, which changes sign wit. In an ideal film  ture, the growth of the offsd®, at higher temperatures is in
this “switching” can occur forH, of order tens of Oe. Re-

versal ofM results in a bipolar swing of the Hall voltage,

Vy=IRy, wherel is the sense current. The built-Ry, in (a) S s (b) Ferromagnetic
our devices is i N —X s

greater than the Hall resistance that would be | | B
found in a simple semiconductor Hall cross exposed to a V45 BBE B~ d/—I
perpendicular field of the same magnitude as the parallel L T z\zz R
field, H,. We believe it can provide the basis for new classes Conducting --f;.:|F N canetic "N e S
of magnetoelectronic devices. Ghannel(2DEG) Fiim_ onerc 2DEG . Undoped Region

The cross junctions were fabricated by standard micro-
fabrication techniques using a high mobilinrtype GaAs  FIG. 1. Schematic diagram o) the device geometry with 85 wm? cross
junction and % 7 um? ferromagnetic film; andb) a side view showing the
radial magnetic field produced by a line of magnetic charge. The ferromag-
@Naval Research Laboratory 6341, Washington, DC 20375-5000. netic film has thicknesd, offsets, and has its midpoint a distanéeabove
YElectronic mail: roukes@caltech.edu the 2DEG.
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FIG. 2. Representative data for chip devices afT=4.2 (dashegd and T 0 50 100 150 200 250 300

=300 K (solid). The curves are hysteresis loops in which the local field Temperature (K)
from the ferromagnetic film induces a Hall voltage that mirrors the film . ) »

magnetization. FIG. 4. Carrier densityg and mobility u vs temperature for the 2DEG used

in these experimentglata from independent Hall bar measuremeriset
Experimentally determinedB, ),,,, extracted fromARy, for the same
direct proportion to the increasing 2DEG sheet resistanceajevices plotted in the inset of Fig. 3. The temperature-dependent density
Ro=1/(neew). The vertical offset aT =300 K (Fig. 2) is an contribution has been divided out so that most of the variation occurs for
effect arising from unintentional junction asymmetries: givenlower temperatures, where ballistic phenomena occur.

that R5(300 K)=3200(2, extremely careful control of the

junction definition is required to obtaiR, less than a few at the film’s edge. In this simplest approximatidv, is as-
ohms. With more precise lithography and etchimpt our ~ Sumed to be concentrated along a line at the edge,od
primary focus herg R, could be engineered to take on vir- distanced/2 above the semiconductor surfafféig. 1(b)],
tually any desired value, e.g., to yield either a symmetric oMvhered is the thickness of. For an infinite line of mag-

a unipolar output characteristic. netic charge densitk,,=MJd we obtain, in cylindrical co-

In Fig. 3 we present the dependenceAd®,, on relative ~ ordinates, a radial field with magnitudgg(r) =2\ /r. The
magnet positiors, obtained aff =4.2 K from ten devices on ©rigin r=0 is defined along the line of charge, and fringe
two separate chipsi andB, with five devices eaghwhere fields from the other edges &f are neglected, as justified by
s was measured by electron microscopy after fabricationthe results below. In the plane of the 2DEG, this yields
Both the peak in theARy data nears=0 and the rapid B.(X)=2\yR/(x’+R?), wherex is the lateral distance be-
decrease ofAR, over a scale of about km validate the tween the edge df and the point, andR is the depth of the
qualitative picture foiB, (r) depicted in Fig. (b). The data 2DEG relative tox,, [Fig. 1(b)]. For chipA (B), we have
point ats=6.5u.m represents a control device: when theMs~838 emu/ci (838,° d=150nm (105, and R
edge ofF is removed from the vicinity of the Hall cross, =152 nm(130. This implies peak field values, directly be-
there is no modulation of the Hall voltage. neath the edge d¥f (atx=0) of B, ~1650 Oe(1350 falling

To test our picture further, we estimaBe (r) consider- t0 B, ~1150 Oe(850 at x=100 nm and to only~37 Oe
ing F to be comprised of a single magnetic domain wth (22 atx=1 pum.
=M X. The resulting field can then be attributed to magnetic  In our novel devices, the fiel, (x) has a steep gradient

surface charge densityl (magnetic “charge” per unitarga 9B /dX on the scale of the.widttn/ of the Cross. To make a
rough estimate oAR,, in this homogeneous field, we aver-

ageB, (r) alongx over a distance corresponding to the elec-

300_ 7. S S L L L trical width of our junctionsw (estimated to be=2.2 um).’
o501+ A g i We then approximate the full bipolar swing upon magneti-
» &120l ¢ 11 zation reversal adARy~2(B, )/(nse), where(B,) is the
—_ 200_' B N = g 3 i averaged perpendicular field. Results fARy from this
<) 150 A N\ g 60| f;;:_’l\“;\; 2 simple line charge model decqy with incr_easingluch more
o e g quickly than shown by experiment. This suggests that the
< 1001 B 0 ‘ | edges of our films were lithographically and/or magnetically
50+ 0 T 100 200 300 rough. Despite our neglect of the steep field gradients and of
emperature (K) | . .
ol o _ ] the planar components of local fields, the predicted peak val-
R S S S ues forARy at s=0—269() for chip A and 191Q for chip

2 -1 01 2 3 45 6 7 89 B—are well within a factor of two of the experimental find-
Magnet offset, s, (um) ings, with no free-fitting parameters.
In a slightly more sophisticated model, we distribute the

FIG. 3. Comparison between experimeriairvesA andB) and theoretical Pagnﬁtlcf.lcharge e\l\//lenly Wltf}lﬁ, up FO a dlstance$f awa):j
(curvesA’ andB’) ARy, vss, for both chips. ChiB curves are dashed. rom the fi m e ge. Magnetic (.)I‘C(? microscopy per.orme on
The films on chipA were 50% thicker than those @& Inset temperature  €dges of similar ferromagnetic films shows gradients, pre-
dependence ok Ry, for devices with different values &f. (a) s=—0.6, (b) sumably due to closure domain structure, that decay on the
04,(c) ~1.2,(d) ~0.2,(¢) 0.9,(f) 1.5, and(g) 2.4 um. Curves(c) and(d)  gcale of a few hundred nm. Roughness due to liftoff was also

are from chipB devices, the rest from chip. A negative value fors =~ peon e on this size scale. These are modeled by vasying
indicates a filmF that overlapped the center of the cross junction, whereas

a positive value indicates a il that was stepped back from the junction betweer_1 0.5 and 1.am. Using this rectangular volume of
center. magnetic charge, we calcula®e (r), and therebyAR,, as a
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function of the separatios. Results for§=1um are dis- tion geometry and the use of shallow 2DEGs will permit
played as solid A’) and dashedB'’) traces in Fig. 3 for efficient sensing oB, (r) without averaging over low field
chips A and B, where the value ofng measured afT regions—it is reasonable to expect tkBt ) of order a tenth
=4.2K is employed. The fact that values ARy, are still  the saturation magnetization of the filthereM ~1.05T)
found to decay more quickly wits than shown by experi- Should be achievable. This would yield another order of
ment suggests a more detailed treatment of the local fiel’@gnitude improvement. _ _ _
profile is required. In this letter, we have described a simple device that
The temperature dependenceoR,,, displayed in the takes advantage of the large, easily switched, local field at
inset of Fig. 3, does not stem from the magnetic properties of¢ €dge of a singleum-scale ferromagnetic film. The low
F. Our separate measurementswfin larger, but otherwise coercive fields found in our devices extend the possibility of
identical, films confirmed thall; was not temperature sen- nonvolatile memory elements employing device-integrated
sitive; it decreased by at most a few percent from4.2 to write wires fabricated over the ferromagnetic films. With
T=300K. Instead, an increase of with increasing tem- manipulation of the easy-axis direction of magnetization in
perature(Fig. 4) gives rise to a corresponding decrease inthe ferromagnetic films, applications such as magnetic field
ARy, . To analyze this further, we plot the apparent averag&ensors can also be envisioned. Our results indicate that local
field that generateRy, (B, )er=ARyne, deduced using Hall devices should be realizable using a wide variety of
measured values afR, andns, in the inset of Fig. 4. The ferromagnetic and semiconductor materials. Finally, since
lower traces,(e)—(g), show very little temperature depen- the fringe fields are maximal over a length scale of order 100
dence, confirming that the dependenceRgf on ng largely ~ NM, We expect that theT p(_arformanc_e of these devices will
accounts for the temperature variation &R, . In traces actually improve as their size scale is reduced. We are cur-
(a)—(d), obtained for devices with small separatigdiow-  rently exploring these prospects.
ever,(B, )er is Seen to rise at low temperatures. We attribute ~ The authors thank A. N. Cleland for valuable sugges-
this to a ballistic enhancemérdf AR, , at the higher values tions in the course of both fabrication and measurement. We

from B, =0 upward to several times a characteristic field,NOS. N00014-96-1-0865 and N00014-96-WX21047, and
Bo=ps/ew,? in microjunctions where the transport mean from the Army NDSEG Fellowship Program.

free path,/,=peul/e, exceeds their spatial extent, i.e.,

/o/W=puBo>1. Herepg=7(2mn;) 12is the Fermi momen- LFor a recent review, see G. A. Prinz, Phys. Tod8y58 (1995.

tum in 2D. For a given value oB, , the net effect is to 2y a M. Gis, s. K. J. Lenczowski, and J. B. Giesbers, Phys. Rev. Lett.
enhanceR,;, and with it the apparent value 0B, ). above 70, 3343(1993.

that of the actual field acting upon the microjunction. In the J- S- Moodera, L. R. Kinder, T. M. Wong, and R. Meservey, Phys. Rev.

) . 7 e Lett. 74, 3273(1995.
inset of Fig. 4, we plot two contours, for’y/w= u(T) 4M. Johnson, Phys. Rev. Lefl0, 2142(1993.

X(B, )apy=0.1 and 1.0, U$in9‘L(T) as me_asured- These  sother simple devices which also rely on an in-plane film magnetization
roughly demarcate the regimes where ballistic enhancementare discussed by G. A. Prinz, Scier2®0, 1092(1990.
first sets in, then becomes fully developed. ®We use a value of permalloy measured on a test strip deposited under

T . th tential of th hvbrid devi identical conditions as the sample films. Thermal evaporation yields a
. ,0 summarize, the new po ?n lal o ese hyborn evices slightly Ni-poor film. See K. R. Carson and M. L. Rudee, J. Vac. Sci.
lies in the fact that the Hall resistand®,({B, )s), can be Technol.7, 573 (1970.

much greater than that obtained in standard Hall device§V_Ve account for the undercut of the mesa ete§,1-0.2um, and deple-
(i.e., without ferromagnel$ubjected toa perpendicular field tionat the channel edges,0.3 um, leaving an electrical channel width of

. . about 2.2um. See K. K. Choi, D. C. Tsui, and A. Alavi, Appl. Phys. Lett.
of the same magnitude as our parallel fields. In effect, thesec, 110(21%8-0. PPl FY

devices provide a magnetic field “multiplication.” In the 8m. L. Roukes, A. Scherer, S. J. Allen, H. G. Craighead, R. M. Ruthen, E.
initial experiments described here, this multiplication is quite gD. Beebe, and J. P. Harbison, Phys. Rev. L&%.3011(1987).
modest. AtT=300K, the maximum Hall resistance ob- ,,C - J- Beenakkerand H. van Houten, Phys. Rev. 631857 (1989.

. . . . Our structures are not optimized from a device standpoint. The room
tained in our hybr'd devices aRH(HHNlOO Oe)~ 350, temperature 2DEG sheet resistanceRjs=3.2 k(). In a compact cross
whereas in a standard device with comparable perpendicularunction, the minimunongitudinal resistance attainable involves roughly
field Ry(100 Oe)-27Q), hence a multiplication ratio of  ~3 squares, this would yield Bsees~10 k. Given ourAR,~70Q, to
~1.3 is obtained. There are two principal ways in which this obtain an appreciable Halli.e., transversg output voltage swing of
ratio can be greatly enhanced in Optimized devidésin ~20 mV required ~300xA. For a local Hall element, this would result

. . .. .. L. in power dissipation during read cycles of order 1 niMhgitudinal volt-
hlgh qua“ty' low coercivity ferromagnetlc films SWItChlng age drop~3 V). The lead resistances arising from long paths in our initial

can occur forH;~10 Oe, immediately raising this ratio by  chip layout required use of smaller source currerts (A) and, hence,
an order of magnitudd(ji) careful engineering of the junc-  produced smaller output voltages.
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