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Anisotropic magnetoresistance in Ga_,Mn,As
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We have measured the magnetoresistance in a series,of/@aAs samples with 0.038x=<0.053 for
three mutually orthogonal orientations of the applied magnetic field. The spontaneous resistivity anisotropy
(SRA) in these materials is negatiee., the sample resistance is higher when its magnetization is perpen-
dicular to the measuring current than when the two are paratel has a magnitude on the order of 5% at
temperatures near 10 K and below. This stands in contrast to the results for most conventional magnetic
materials where the SRA is considerably smaller in magnitude for those few cases in which a negative sign is
observed. The magnitude of the SRA drops from its maximum at low temperatures to Zgrinaé manner
that is consistent with mean-field theory. These results should provide a significant test for emerging theories
of transport in this new class of materials.
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The recent discovery of ferromagnetism at temperatures The Mn-alloyed films were grown at temperatures in the
as high as 110 K in Ga,Mn,As has greatly broadened range of 275-285°C. The substrates were cleaved from
interest in diluted magnetic semiconductors over the past fetaAs wafers and prior to growth of the alloy two GaAs
years!™ A large number of groups are now investigating puffer layers were depositdthe first one 100 nm thick and
these materials which could form the basis for a wide varietyyrown at 550 °C and the second one 300 nm thick and grown
of new magnetoelectronic devices that may be growrpt the alloy growth temperatuteThe important physical
pseudomorphically on GaAs. The utility of similar devices properties of the films are listed in Table 1. The nominal
has already been established using nanocomposite structuigsycentrations were determined by comparing the film lattice

based on metallic magnetic materigthe so-called giant ,nqtant(determined from the 004 reflectipto the values
magnetoresistance and tunnel junction magnetoresistance .. by Ohnoet al® (but note that this can lead to system-

The semiconducting materials open up new opportunities a tic errors as the lattice constant can also depend on the

:?;iyo?ltshoel%ggﬁgt?ctg?o%rgs%?ts of optical or electronic Con(::1rowth conditions as pointed out by Schettall®). The

These new materials present many interesting chalIengé:?s"’lr"’lm‘?lgnetlc Curie point fgr each 'f||m was determined by
as we embark on efforts to make use of their properties iposuming that the Hall re5|stan(_:e is dominated by the ex-
real devices. These challenges come from both the fundé[aordmary Hall effect for small fields and temperatgres not
mental point of view(trying to understand their properties (00 far aboveTc. We then linearly extrapolate the inverse
and what factors control therand from the desire to manu- low-field Hall resistance abovE; to zero in order to estab-
facture high-quality materials in the face of the severe conlish Tc. The films were patterned into standard Hall-bar ge-
straints imposed by the possibility of nucleating unwantedometry (sample dimensions were 3.4 mm long with 1.8 mm
phases during growthThese two challenges are intimately between the longitudinal voltage leads and 3ath wide)
connected since the density of carriers is expected to influusing conventional photolithography and etching in a solu-
ence such material properties as the Curie temperature aiion of (H,SO,:H,0,:H,0) in the ratio(1:8:10. The resis-
magnetic anisotrop¥} but this density is strongly influenced tance was measured using Ohmic In contacts to connect the
by defects included in the structure as a result of the consample to a Quantum Design 1802 bridge. Fields upto 6 T
straints on the growth conditions. were applied over a temperature range extending from 1.4 K

In view of our limited understanding of these materials itto aboveT.. The slight compressive strain imposed on the
is prudent to spend some effort exploring the transport propfilms by the substrate results in an intrinsic magnetic anisot-
erties of individual material layers in preparation for con-ropy with an in-plane easy axis.
structing multilayered structures to form devices. Toward In describing this orientational dependence of the magne-
that end, in this article we report on magnetotransport meatotransport we will use a coordinate system in which zhe
surements in a series of GgMn,As films (x=0.033 to axis defines the film growth direction and theaxis lies
0.053. We concentrate on the dependence of the film resisalong the direction of the measuring current. Figure 1 shows
tivity on the orientation of an applied magnetic field in the the magnetoresistance for three ;GgMn,As films (x
hope that this dependence might be less sensitive to the de=-0.033, 0.048, and 0.0%3or situations where the magnetic
tails of the disorder in the films than is the resistivity itself. field is oriented along each of the three axes at a temperature

0163-1829/2002/621)/2124074)/$20.00 65212407-1 ©2002 The American Physical Society



BRIEF REPORTS

TABLE |. Physical properties of Ga,Mn,As films.
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X t T P300 P42 Tc p SRA
(nom) (nm) (°0) (u€2 m) (u€2 m) (K) (nm~3) (at4.2 K
*+0.005 +30 nm *5°C *+5% *5% *3 K *+20% +10%
0.033 300 285 54 67 43 0.37 —0.070
0.048 300 275 57 71 57 0.30 —0.045
0.053 300 275 61 79 52 0.23 —0.051
of 15 K (here and in the following we use the notatidR, (thereby increasing the resistivity of that portion of the

Hy, andH, to refer to an applied field directed along the sample. To confirm this interpretation we note that the peaks
indicated axig Similar data are seen for other temperaturesare also present when the field is applied in the plane as long
below the Curie temperature. Two features are immediatelgs it is perpendicular to the current, but are absent when the
apparent from the data in this figure. First, there is the overalfield is applied along the current.

negative magnetoresistance seen for large fields, and second,Looking at Fig. 2, it is apparent that the AMR for the two
the resistance obtained by extrapolating the high-field behawnore concentrated samples is not restricted to low fields. The
ior to zero field differs for the three field orientations. The out-of-plane AMR (AMR ) shows a distinct field depen-
first has been noted before, and it has been attributed to dence above 0.5 T fax=0.048 and 0.053, which indicates
field-induced reduction in the spin disorder responsible fotthat for these samples the high-field MR also depends on the
much of the resistance ned@ig . The second feature is the field orientation. As-grown samples of GaMnAs exhibit a

spontaneous resistivity anisotropRA), which has not yet
been systematically studied in the new ferromagnetic semi-
conductors but is a familiar magnetotransport property in
conventional magnetic materidfs.

Figure 2 exhibits the anisotropic magnetoresistance
(AMR) as differences between the magnetoresistdhtie)
seen for fields applied perpendicular to the curr@et, H,
or Hy) and that seen for a field applied along the current
(H,). In this figure these differences have been normalized
to the zero-field value of the resistance. The rapid drop in the
AMR seen at low fields in this figure represents the SRA and
we note that, contrary to the behavior seen in most conven-
tional ferromagnets, the resistivity of these new materials is
greater when the magnetization is oriented perpendicular to
the current than when it lies parallel to the current. This no
doubt contributes to the familiar low-field peaks seen in typi-
cal MR data on Ga ,Mn,As for fields oriented perpendicu-
lar to the sample plan&.When the applied field is sufficient
to overcome the intrinsic anisotropy of the material, the re-
sistivity increases as some domains that were originally
aligned with the current are reoriented out of the plane
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FIG. 2. Anisotropic magnetoresistance obtained from the data in

Fig. 1 by subtracting from the data obtained with fields applied
along the direction of the currefithe x directior) those data taken
with the field oriented along thg or z axes(giving AMR; and
AMR | , respectively. Ignoring small effects from demagnetization,

L the extrapolation of the high-field value of this difference to zero
field defines the spontaneous resistivity anisotropy for both the in-

H (T) plane and out-of-plane conditions. The dashed line show)iand
(c) demonstrates that the upward trend seen in AM@t these two
FIG. 1. Resistance as a function of magnetic field atl5 K samples may be attributed to an extra ordering field that suppresses
for Ga,_,Mn,As films with three different values of and three in-plane spin disorder when the magnetization lies in the plane of
different orientations of the magnetic field. the samplgsee text
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FIG. 3. Temperature dependence of the magnitude of the longi- FIG- 4. The normalized temperature dependence of the, SRA
tudinal magnetoresistance at relatively high fields. We define thdor the three samples compared to the variation expected for the
MR as the resistivity in a field of 5 T applied parallel to the current Square of the magnetization in a mean-field Heisenberg ferromagnet
minus the resistivity in zero field normalized to the latter value. With S=5/2.

Note the peak nedf: and the nonzero value reached for low tem- ) ] ) )
peratures. taken with the field aligned parallel to the measuring current,

but similar datathough they differ slightly in magnitudere

distinct peak in the temperature dependence of their resisti3e€N for the other two orientations of the magnetic field.

ity and this peak has been demonstrated to arise from spin SPiN-0rbit coupling lies at the heart of any description of

fluctuations by comparing the temperature variation of thdhe .SRA(.S'nC.e the phgnomen_on itself |nt|_ma.tely Ilnks. the
resistivity aboveTc to the magnetic susceptibilitjas ex- carrier spin with its orbital motionbut quantitative descrip-

pected from the fiuctuation-dissipation theoyeft? If we tions also depend upon the details of the Fermi surface and a

assume that high-field MR is due to the suppression of simimodel of transport for the materials in question. Theoretical
lar spin disorder by the applied field, then the behavior eX_descrlpnons of the SRA in conventional magnetic materials

hibited in Fig. 2 indicates an anisotropy in that spin disorde®'® typically described within a parallel conduction mode|
below T.. To gain some insight into the origin of this an- for the transportone channel for spin-up electrons, another

isotropy we consider the dashed lines shown in Figb) 2 for spin-dov_vn glgctror)sand s_pin-orbit coupling is tr_eated_ as
and 2c), which represent the quantityR(H,+H,) a perFurbatlorJr.' I—_|0wever, in Gga_,Mn,As the _spm-orblt
—R(H,)], as a function of the applied field strength. Here,COUpllng strength is cqmparable {oNhe Ferm|. enérgy

the field strength is given by, | = [H,|, andH, represents a su_ch a parallel conduqtlon model for transport is not appro-
small offset field (0.4 T for x=0.048 and 0.3 T forx priate for these materlgls. In ord_er to assist those t(ylng to
—0.053). These “shifted-field” AMR data for these two develop more appropriate theories for these materials, we

compositions look remarkably like the in-plane AMR data in pr_ovide some gdd_itional info_rmation on our samples along
character. We therefore attribute the upward trend seen in th\gIth some qualitative analysis helow.

aw AN, detalopen e n i, 2o an exa ipiane 16 Seines e carer coneentaton 1 ou
ordering field. We note, however, that this extra field is not P y 9 ylarg 9

sufficient to account entirely for the observed difference be! etic fields(up to 55 T at low temperaturegdown to 600

. vy mK) using the pulsed-field facility at Los Alamos National
tween the in-plane and out-of-plane SRA (SR SRA , | ;1716 £ ch extreme conditions, the extraordinary effect
respectively, beloyin our two more concentrated samples.

' . should saturate and therefore the slope of Hall resistance
This suggests that the SRA is not dependent solely on th\%rsus applied field for fields above 20 T can be used to

relative orientation of the current and the magnetization in . . s .

. . o etermine the carrier concentratiqu).® The carrier concen-
these two samples; there is also a contribution that depen Fations so derived are displayed in Table I. We also note, as
on the orientation of these two vectors with respect to the pay ) '

sample’s crystal structure which has a slight tetragonal disEjiSIOIade in Fig. 4, that the temperature dependence of
tortion due fo the substrate SRA, is consistent with the behavior expected for a mean-
Some additional insight into the disorder present in thesé'?(l)i;]e'rf‘?nhtiegg ?ggellj.a-trehltst’) 'ggfﬁgz ttugt SaRrRe:\?:rlletlﬁoip-h
films may be obtained by looking at the temperature depen!? nmg aeq ; 9

dence of the high-field MR. In Fig. 3 we plot the M@e- its validity for predicting the Curie temperature and the tem-

fined as the difference between the zero-field value of th®Srature (.jer%el?(iisence of the magnetization has been called
resistance and the resistance at 5 T, normalized to the zer'cp—tohqueStIO i Tr;le adequacy of tTe mer;m-ﬂe:cd i’;(\jpproach

) . ’ ; In this case may reflect our extrapolation from field greater
fleld_valué asa functlon of temp_erature. This MR reaches %han 0.3 T backyto zero in determFi)ning the SRA. Fiel%s this
maximum magnitude nte_difc. This helps to confirm mag- large may be sufficient to suppress any fluctuations in these
netic disorder as the origin of the well-known peak in thesamples beyond those expected from mean-field behavior
resistivity itself neafT: which has been attributed to critical '

spin fluctuations? Interestingly, the MR does not approach  The authors gratefully acknowledge discussions with A.
zero as the temperature is lowered but rather saturates atHh MacDonald and M. Abolfath. This work was supported by
value near—5%. This suggests that a substantial portion ofthe Office of Naval Research and the Research Foundation of
the spin disorder in these samples is not critical, or everthe State University of New York under Grant No.
thermal, in origin but rather reflects the presence of frustraN000140010951 and by the 21st Century Science and Tech-
tion in the spin system. The data shown in this figure areology Fund of the State of Indiana.

212407-3



BRIEF REPORTS PHYSICAL REVIEW B 65 212407

IH. Ohnoet al. Appl. Phys. Lett.69, 363(1996. F. Matsukura, H. Ohno, A. Shen, and Y. Sugawara, Phys. Rev. B
2H. Ohno, Scienc@81, 951 (1998. 57, R2037(1998.
3T. Omiyaet al, Physica E7, 976 (2000. 120. Jaoul, I. A. Campbell, and A. Fert, J. Magn. Magn. Maker.
“P. M. Levy, Solid State Phygl7, 397 (1994 23 (1977).
5J. S. Moodera and J. Nassar, Annu. Rev. Mater. 38j.381 13H. Ohno, J. Magn. Magn. Mate?00, 110 (1999.
] (1999-. 14T, Dietl, in Handbook on Semiconductorsdited by T. S. Moss
S. Koshihareet al, Phys. Rev. Lett78, 4617(1997). and S. MahajariElsevier Science, New York, 1994pp. 1251—
"H. Ohnoet al, Nature(London) 408 944 (2000. 1342
8J. Konig, H.-H. Lin, and A. H. MacDonald, Phys. Rev. Le84, 15 p, Malozemoff, Phys. Rev. B2, 6080(1985.
9M56j§c§§gt?10.'l' Jungwirth, J. Brum, and A. H. MacDonald, Phys 3. Scherschiiget al. (unpublished
: - e ' S ' " 7A. Chattopadhyay, S. Das Sarma, and A. J. Millis, Phys. Rev.
Rev. B63, 054418(2003. Lett. 87, 227202(2003.

10G. M. Schott, W. Faschinger, and L. W. Molenkamp, Appl. Phys. g

Lett. 79, 1807 (2001, M. Berciu and R. N. Bhatt, Phys. Rev. Le@7, 107203(200J.

212407-4



