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Ferromagnetic semiconductors promise the extension of metal-based spintronics into a material system that
combines widely tunable electronic, optical, and magnetic properties. Here, we take steps towards realizing
that promise by achieving independent control of electronic doping in the ferromagnetic semiconductor
(Ga,MnAs. Samples are comprised of superlattices of 0.5 monoléyien MnAs alternating with 20 ML
GaAs and are grown by low temperat#30 °C) atomic layer epitaxy. This allows for the reduction of excess
As incorporation and hence the number of charge-compensating As-related defects. We grow a series of
samples with either Be or Si doping in the GaAs spaerandn-type dopants, respectivglyand verify their
structural quality byin situ reflection high-energy electron diffraction aed situx-ray diffraction. Magneti-
zation measurements reveal ferromagnetic behavior over the entire doping range, and show no sign of MnAs
precipitates. Finally, magnetotransport shows the giant planar Hall effect and $tr@0§0 resistance fluc-
tuations that may be related to domain wall motion.
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[. INTRODUCTION as well as largé~20%) resistance fluctuations at low mag-
netic field which may be due to domain-wall motion.
The recent discovery of ferromagnetic semiconductors
compatible with traditional 11I-V epitaxy has generated a
surge of interest in the possibility of extending the successes Il. GROWTH
of metal-based spintroni%sinto semiconducting material o )
systems. A key factor in this enthusiasm arises from the flex- A Significant challenge in the growth 6fil,Mn)As mate-
ibility inherent in these materials: specifically, the ability to N1@lS arises from the fact that in order to achieve ferromag-
continuously tune both carrier concentration and band gaf€tic ordering one must grow in a regime of Mn incorpora-
through selective impurity incorporation and alloying, re- 0N Which s  much higher than the thermodynamic

spectively. However, despite recent success in employin quilibrium incorporation limit. AS. a resylt, epilayers are
this flexibility to develop novel spin-based devices rown in a meta-stable growth regime using low temperature

progress has been hampered by the fact that in all 111-V fer_(typlcally 250 to 300°C MBE in order to prevent the pre-

. . . cipitation of metallic MnAs clusters. In this technique, the
romagnetic semiconductors discovered to date the ferroma%-rowth rate is limited by the flux of Ga and Mn while the As
netism arises from hole mediated exchan§e\s a direct

_ - C i flux is set much higheftypically ~30X) with all beams
congequence it he}s proven difficult to gch|eve control qf th‘_?ncident on the substrate simultaneOLi'ST}One consequence
carrier concentration over any appreciable range, a signifisf this 1ow growth temperature and high As flux is the incor-
cant stumbling block in any effort to fully realize the poten- poration of excess As in the form of a variety of defects,
tial of semiconductor based spintronics. including antisites and interstitials. As has been well docu-
In an attempt to address this limitation, we present themented in the literature on low-temperature gro@iG)
results of a study aimed at gaininglependentontrol of the  GaAs, these defects act as efficient charge traps and effec-
magnetic and electronic doping in the ferromagnetic semitively compensate botlp- and n-type doping, resulting in
conductor(Ga,MnAs. To that end, we employ atomic layer highly insulating material®! Therefore, in order to achieve
epitaxy (ALE), a modification of standard molecular beam controlled electrical doping in these materials one must mini-
epitaxy (MBE) allowing for precise control of epilayer mize the number of these As-related defects.
stoichiometry. Using this technique, we grow a series of We do so here through the use of Al(BIso known as
digital ferromagnetic heterostructufe$DFH) where the migration enhanced epita}d, a modification of standard
GaAs spacers are doped with either Be ofBiandn-type ~ MBE growth wherein each element in an alloy is deposited
dopants, respectively Through extensive characterization sequentially, atomic layer by atomic layer. As a result, one
via superconducting quantum interference deuis®UID) need simply tune the deposition time of each element inde-
magnetometry, x-ray diffraction, reflection high-energy elec-pendently to attain the desired stoichiometry. In our case this
tron diffraction (RHEED), and electronic transport we are results in an increased control of the amount of excess As,
able to determine that these structures maintain their ferrcand therefore As-related defects, during sample growth. A
magnetism and structural quality over the entire dopingschematic of the shutter control logic employed for ALE
range. Further, detailed magnetotransport measurements mgrowth can be found in the upper panel of Fig. 1, while the
veal both the presence of a giant planar Hall effé&PHB overall structure of an ALE DFH epilayer can be seen in the
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GaAs e GaAs diffusion of dopants into the MnAs laye(Fig. 1, bottom
Spacer Layer Spacer pane). . L.
For the magnetic layers, there is first a 30 s As soak to
Ga _] [ | M1 eliminate any free Ga on the surface, then the following se-

As M N M M quence: 0.5 ML Ga/ 2.5 s wait*0.5 ML As/ 5 s wait/ 0.5

ML MnAs/ 5 s wait, where “MnAs” indicates traditional

Be/Si i1 i MBE growth (i.e., both Mn and As shutters open concur-
________________________________ rently). The Mn rate is determined by RHEED oscillations
Mn | on a separate calibration sampfdn samples without an As
® soak, or when the Ga and Mn are either codeposited or de-
® 13 periods posited sequentially with no As deposition in between, there
~ ® . is a significant degradation in both the RHEED pattern and
K\Si or Be % the magnetic properties. For all growths discussed here the
% GaAs % RHEED showed no indication of three-dimensional growth
0.5 ML MnAs or phase segregation and was streaky13 during GaAs
S o growth and streaky 21 during and immediately after
200HT \Q\\\\\:\SIG(:Ee % MnAs growth.
oo SN anlemiig e optil subsiete temperatue o
: W WO | icting ints.
\\\\\SIG(;:}: \\\\\“\ First, due to the migration enhancement of surface adatoms
B R arising from the ALE growth techniqu&,the probability of
HT GaAs forming MnAs precipitates is significantly enhanced. As a
Substrate result lower growth temperatures than are typically used for
GaAs (001) MBE (Ga,MnAs growth are required. In contrast, even with

ALE growth the density of As-related defects increases with
decreasing substrate temperature, requitimgher growth
temperatures for more effective electronic doping. As a con-

FIG. 1. Upper panel: Schematic representation of shutter contrasequence we were able to find only a very narrow tempera-
logic for ALE growth. The dashed line for the electronic dopantsture window, 23610 °C, over which we could achiewmth
(Be/S) indicates codeposition with the Ga for electrically doped good structural quality and effective electronic doping. In
samples. See text for more details. Lower panel: Schematic of oveprder to achieve the high degree of stability and accuracy
all sample structure for ALE epilayer. DFH consists of 13 periods ofrequired for these growths at temperatures well below the
75 nm. employin situ band-edge thermometfygiving a typical sub-

lower panel. The details of the low-temperature ALE growthStrate temperature stability of2.5°C at 230 °C.
are as follows.

%

Samples are grown on semi-insulating GaA90 sub- IIl. DOPING AND STRUCTURAL CHARA

o . . CTERIZATION
strates; the oxide is thermally desorbed at 610 °C and a high-
temperature GaAs smoothing lay&200 nm at 580 °C is In order to verify the efficacy of electronic doping, a se-

grown prior to cooling to low temperatuf@30 °Q for ALE ries of LTG GaAs doping calibrations were grown using the
growth. All effusion cells are standard EPI Knudsen cellsALE algorithm described above at a substrate temperature of
with the exception of As, which is a valved sublimator 230 °C and with either Be or Si as dopants. As these samples
equipped with a cracker at a temperature-&00 °C(result-  contain no magnetic impurities, we employ room-
ing in an As dominated flux For all samples discussed temperature Hall measurements to determine their carrier
below, the structure of the magnetic layer is comprised of 1Zoncentration. The results are summarized in Fig. 2 which
repeats of 20 monolayerdL) of GaAs and 0.5 ML of gives the room temperature carrier concentratiorersus the
MnAs. Two distinct ALE algorithms are used during growth, effusion cell temperature for both Be and Si dopitpsed
one for the growth of the GaAs spacers and a second for thend open symbols, respectivelfhese data demonstrate that
growth of the MnAs magnetic layersinshaded and shaded the reduction in the density of As-related defects afforded by
regions in Fig. 1, respectively the ALE growth technique is successful in allowing bgth

For the GaAs, the following sequence is used: 1 ML Ga/and n-type electronic doping of GaAs. However, there re-
5 s wait/~1 ML As/ 10 s wait/ 1 ML Ga/--, where the Ga mains some doping thresholdet by the residual As defect
rate is determined using RHEED oscillations and the As ratelensity and given schematically by the dashed line in Fig. 2
is determined using a calibration sampld=or layers requir- below which the free carriers are completely compensated.
ing electrical doping, either Be or $- andn-type doping, As a result, we are confined to moderate to high doping
respectively is codeposited with the Ga at a rate determinedevels for bothp- and n-type doping. This compensation
by separately prepared calibration samplese Sec. I). In  threshold is consistent with 0.01% excess As per ML assum-
the electrically doped samples a single ML of GaAs to eitheiing that each excess As adatom compensates only oné’hole.
side of the MnAs layers is left undoped to minimize the The temperature dependence of the carrier concentration
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FIG. 2. Room temperature carrier dengityor a series of ALE
GaAs doping calibrations grown at 230 °C. Horizontal axes repre- FIG. 3. 6-260 rocking curve for UID DFH. GaA4004) diffrac-
sent the temperature of the Be and Si effusion cells for closed antion peak, strained epilayer pefRFH (0)], and superlattice peaks
open symbols, respectively. Dashed line represents approximagse all labeled. Inset: Expanded view of the data revealing strong
compensation threshold for these growth conditions. Pendollsung fringes. The epilayer is strained from the GaAs sub-

strate by an amounta=0.0107 A (0.19%).

down to 5 K(not shown reveals little change in all samples
except for the most lightly doped Be sample, indicating thathole-like) for the Be doped and unintentionally dop@4D)
these samples are degenerately doped. samples but negative valuéslectron-likg for the Si-doped

For convenience in the following discussion we will refer samples? This discrepancy highlights the complexity of the
to the various electrically doped DFH structures by the dopfree carrier distribution in these samples and indicates that a
ing density measured in the corresponding calibratiormore sophisticated theoretical treatment is necessary to ac-
sample, however the carrier doping profile in the DFH struccurately reflect that complexity.
tures will of course be significantly more complex. Specifi-  X-ray diffraction curves probing the out of plane lattice
cally, the MnAs layers will strongly influence the band bend-constant are taken for all ALE DFH samples with represen-
ing and charge distribution in their immediate vicinity. For tative data for an UID epilayer shown in Fig. 3. The spacing
the Be doped samples this may not be a strong overall pepf the epilayer peak from the GaAs substrate pAgkgives
turbation to the band structure or the hole concentrationa tensile strain of 0.19%, and the periodicity of the superlat-
however, for the Si doped samples the result will bp-a  tice is verified by the first, second, and third order peaks
superlattice with the potential for significant carrier deple-labeled in the main figure. There is no indication of any
tion. We can gain a theoretical estimate of the degree o$econdary structural phases such as MnAs precipitates,
depletion by first approximating the effect of the ionized Siwhich have been reported at elevated growth temperdture
dopants on the band bending in the GaAs spacers by solvingnd would have NiAs structure. The inset shows a zoom of
Poisson’s equation the area around the substrate peak, and reveals the presence
of Pendellsung fringes, a further indication of the epilayer
quality in that they show that the surfaces of the epilayer are
flat and parallef® At this time the in-plane organization of
) ) ) . the Mn is still unclear, and additional studies involving either
HereAV is the change in potential energy from the positioncross-sectional scanning tunneling microscopy or plan-view
of the MnAs to halfway through the GaAs spaceiis the  ansmission electron microscopy are necessary to determine
electronic chargesgans is the dielectric constant for GaAs, it for instance, the Mn aggregate into quasi-2D islands with

Np is the volume density of donors, adds the thickness of  zinc plende structure or are diffusely distributed throughout
the GaAs spacer. If we assume that the Fermi energy ife |ayer.

pinned in the valence band at the MnAs layers, then a value
of AV comparable to the band gdp-1.5 V) would corre-
spond to the presence of uncompensated electrons in the
GaAs spacefi.e., the depletion width is less than the super- We begin by considering the temperature dependence of
lattice spacing’® However, for the heaviest Si doping mea- the magnetization of an UID DFH under zero field cooling as
sured in the calibration samples€1x10* cm™3) we cal- measured via SQUID magnetomefisig. 4a@)]. The overall
culate aAV of only ~50 meV. The fact that our calculated shape is much more mean-field-likee., sharp onset afc

AV is negligible with respect to the band gap of GaAsand saturation a§—0) than in conventional MBE grown
strongly suggests that the GaAs spacers are completely dBFH:® the dashed line represents a fit M(T)=Mq(Tc
pleted for the full range of Si doping levels considered here—T)#A. Here M, is the saturation magnetization aylis

In contrast, preliminary experiments measuring the thersome exponent, yielding®: of 33 K and aB of 0.295. This
mopower of these samples beldw. show positive values improvement in the line shape when comparing ALE grown

1 4me?

AV=—
2 £Gans

d 2

IV. MAGNETIC PROPERTIES
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FIG. 4. (a) Zero-field cooled temperature dependence of the
magnetization of the UID sample. Dashed line indicates a fit to
M(T)=M(Tc—T)# yielding T¢ of 33 K andg of 0.295.(b) Hys-
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curring at+48 G in the upsweep angd48 G in the down
sweep. In order to ascertain the origin of this step, we per-
form a minor loop scan. The magnetization is initially satu-
rated at—1000 G then increased t6150 G, above the step

at +48 G but below the final switching event at205 G.
The field sweep is then reversed, and the field returned to
—1000 G. The resulting data is given by the open circles in
Fig. 4(b), both for the scan described above as well as for the
complementary scan starting at1000 G. The loops both
have a coercivity of 48 G and are both centered about zero
field to within experimental errof~1 G), indicating the ab-
sence of exchange coupling. Further, both loops overlap if
they are translated vertically. Finally, the fact that the final
switching event is sharp, and proceeds to nearly full satura-
tion, indicates that this axis is an easy magnetic axis.

These results suggest that there are two distinct magnetic
phases present in the sample, with the vertical offset to the
minor loops being provided by the magnetization of the sec-
ond (higher coercivity phase?? However, the fact that the
zero-field cooled temperature dependence shows no sign of
the second phadeither through multiple transitions or non-
mean field behavigrsuggests the possibility that the mul-
tiple switching events arise instead from some complicated
magnetic anisotropy. This discrepancy can be resolved if one
considers that the lower coercivity phase may be locally fer-
romagnetic, but not globally ordered. In that case the rela-
tively high fields applied during the hysterisis scan would be
sufficient to align the noninteracting regions of the second
phase(and hence generate a net magnetizatiamile under
zero-field cooling these distinct regions would magnetize in
different directions and hence would not contribute to the
remanence.

In order to ascertain the validity of this model, a second
temperature scan is performed using the following proce-
dure; the temperature is lowered 5 K and the magnetiza-
tion is brought to saturation at1000 G, the field is then
lowered in a critically damped field sweep 5 G toremove
the effect of a small diamagnetic remanence in the supercon-
ducting magnet. Finally, the temperature is swept from 5 to
150 K in the presence of ¢h5 G field. This protocol has the
effect of aligning the noninteracting regions of the second
phase so that their net magnetization can be measured. The
results can be seen in Fig(c} where there is now clearly a
second transition in the temperature dependence, signifi-
cantly broader than the transition at 33 K and centered at
~10 K. This temperature is also consistent with the disap-

terisis loops(both major and mingrfor the same sample. See text

for explanation. pearance of the low-field step in the magnetization. These

results unambiguously identify the additional field step seen

to MBE grown DFH is similar to results obtained when com- in the hysterisis as due to a second magnetic phase which is
paring the temperature dependence of MBE grown randortocally ferromagnetic, but not globally ordered throughout
alloy (Ga,MnAs before and after post growth annealflg. the sample.
Finally, the fact that there is no spontaneous magnetization at More detailed measurements of the magnetic microstruc-
temperatures from abové: to 150 K provides additional ture, perhaps using low-temperature cross-sectional scanning
evidence that there are no large-scale MnAs precipitatetinneling microscopy, are necessary to conclusively identify
present. these two phases, but their respective coercivities offer some

The solid line in Fig. 4b) shows the field dependence of clue as to their origin. Specifically, the coercivity of the first
the magnetization for the same sample at temperafure phase(205 G is roughly consistent with that reported for
=5 K along the[100] in-plane direction. Deviation from the MBE grown DFH (100 G, while the coercivity of the sec-
behavior of MBE DFH(Ref. 8 can be seen in the step oc- ond phas€48 G) is consistent with that reported for random
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alloy (Ga,MnAs (33 G.}8 It is therefore reasonable to
speculate that the first phase may be due to magnetism origi- FIG. 6. (a) Curie temperature versus doping concentration for
nating in the MnAs layers; while the second phase originatesvo sample sets grown several months apart. Open circle labeled Be
in Mn atoms that may have diffused into the spacer layewas dopedelowthe compensation thresholgh) Strain versus dop-
during growth, resulting in regions of low Mn-concentration ing concentration for the same sample set. Samples with no free
random alloy(Ga,MnAs. carriers =0 cm’3) are labeled as UID and Be doped, respec-
Figures %a) and 5b) show the zero field cooled tempera- tively (see text
ture dependence of the magnetization fior 1x 10°° cm™3
and then=1x 10" cm 2 doped sampleBe and Si doped, suggests that the origin of ti&. suppression may not lie in
respectively, measured alonfgl00]. Surprisingly, given re- the electrical dopinger se but rather be the result of some
cent reports off - enhancement through the addition of free structural modification arising from the presence of the Be.
holes in both(In,Mn)As and(Ga,MnAs>?*the Be doping This hypothesis is supported by monitoring the strain as a
strongly suppressek: (~20 K). In contrast, the Si doping function of doping concentratidirig. 6(b)]. The trend inT ¢
does not have much effecT ¢~ 35 K). In both samples the is qualitatively reproduced, with the more heavily Be doped
temperature dependence is still mean-field-ljieis ~0.3  samples showing both the loweBt and the lowest strain.
for all doping levels and shows no systematic varigtidsd-  One may speculate that this correlation arises from the de-
ditional differences from the UID sample are apparent whercrease in strain giving rise to a decrease in the crystalline
considering the magnetic field dependeriE@gs. 5c) and  magnetic anisotropy, and hence lowlgs. This is consistent
5(d)]. The stepped behavior is strongly suppressed in the Beith previous observations that modifications to the strain
doped sample, with the coercivity dropping to 150 G. In thefield in random alloy(Ga,MnAs, either through the use of a
Si doped sample the stepped behavior is also suppressesiressor layér or additional alloy elements®® can result in
though more weakly, while the major coercivifg00 G is  strong modifications to the magnetic anisotropy. For ALE
comparable to that of the UID sample. DFH, the microscopic cause of the strain reduction is not
Figure Ga) shows the Curie temperature for both Be andclear, and its elucidation is beyond the scope of this work.
Si doped samples for two separate sample series grown seiowever, there are a number of plausible scenarios that may
eral months apart plotted versus the room-temperature carrigiive rise to this effect. For example, the Be could be more
concentration measured in the companion doping calibraefficient than the Si in out-competing residual excess As for
tions. The trends apparent when considering the individuathe group Il lattice sites; alternatively some fraction of the
samples discussed above are borne out here; Si doping doBe dopants may be forming complexgmssibly including
not appear to affect to within the sample to sample varia- the residual excess Aghat have increased solubility, etc.
tion while Be doping strongly suppresses it, and the degre&his behavior has been investigated below the doping thresh-
of suppression increases with increasing Be concentratiomld through the use of secondary ion mass spectroscopy to
Further, when the Be doping level is reducedblowthe  ascertain the number of Be dopants, and the trend of decreas-
compensation threshold of the doping calibrati@®., no ing strain and increasingj- with decreasing Be concentra-
additional free carrieps there is still a suppression dfc  tion is borne out as the Be concentration tends toward zero.
[indicated by the open circle labeled Be in Figag. This  These results, along with a more complete discussion of the
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effects of strain in this system, will be discussed in more ' ' ' ' n (em?)
detail elsewheré’ —
In considering the effect of the Si on the magnetic prop- © 1x10
erties, it is interesting to note that the highest Si doping den- 10°F i 6"1012
sity corresponds to a sheet density-06x 102 cm™? when 2 (3)x11J(;D
integrated over the thickness of a single spacer layer, as com- a ((cm_);;)
pared to a sheet density 6f5x 10" cm™2 for Mn. On first = —
consideration, these numbers suggest that there should be :(3)313&)9
sufficient Mn present to completely compensate the Si dop- v 1x1020
ing without significantly impacting the hole concentration in ¥ 2x1020
the Mn layers. On the other hand, reports of the doping ef- 1041
ficiency of Mn in random alloy(Ga,MnAs have yielded
values as low as-0.01 hole/Mr3® which would suggest the R S e S S
possibility that the electron and hole concentrations are com- 0 50 100 150 200 250
parable. However, the data in Fig.abclearly show that the Temperature (K)

depletion predicted for the-type spacers does not signifi-
cantly impact the magnetism, suggesting that either the dop- FIG. 7. Temperature dependence of the longitudinal resistance
ing due to the Mn is more efficient than the worst-case analyfor sample series A.
sis would suggest or that there is some additional
compensation center in the DFH structur@erhaps Mn-  monotonic behavior for intermediate doping levels. Of par-
related defects or Mn which do not participate in the ferro-ticular relevance here, all of the samples except for the most
magnetism In any case, it is clear that there is a strongheavily Be doped show a local peak in resistancgaat This
ferromagnetic interaction which persistsath doping levels.  hehavior is consistent with previous studies of both random
alloy (Ga,MnAs and DFH grown by MBE;?° indicating
that the free carriers at the Fermi energy are interacting with
the local Mn moments. Conversely, the lack of a clear peak
The following measurements are performed in 4 Hath  at T¢ for p=2x10?° cm 2 indicates a suppressed interac-
cryostat with a vacuum jacketed sample stick capable of rotion with the Mn, perhaps due to enhanced conductivity in
tating the samples from QHall geometry to 90° (in plang  the spacer layer@iscussed in more detail belgpw
with respect to an applied magnetic field of up to 7 T. The Next, we consider magneto-transport in the Hall geometry
samples are patterned into Hall bars with an aspect ratio dbr the same sample set. As can be seen in both the longitu-
4:1 by chemical etching, and subsequently contacted via indinal and transverse normalized resistivifyigs. 8§a) and
dium bonding. Measurements are performed with a quasi-d8(b), respectively, there is a wealth of interesting behavior.
drive of 10 nA at 7 Hz and monitored using a lock-in ampli- Considering first the longitudinal magnetoresistance, addi-
fier. tional evidence of free-carrier interaction with the Mn can be
In light of recent results showing dramatic changes infound in the presence of critical scattering peaks, symmetric
magnetic and electronic properties under post-growttin magnetic field, which are present for all samples. These
annealing®* great care was taken in selecting an appropriatdeatures are consistent with data reported in MBE grown
recipe for annealing the In contacts. In order to test whethetGa,MnAs and occur at the knee of the hard-axis magneti-
the contacts spike through the entire thickness of a DFH, &ation curve®
test sample comprised of a conducting channel buried be- Furthermore, as can be most clearly seen in rel
neath 80 nm of GaAs was grown using standard high temx 10'° cm™2 sample, there is additional hysteretic behavior
perature MBE(total thickness of a DFH epilayer is 73 nm as well as sharp peaks which seem to be associated with
Sections of this sample were then contacted with pressed Iswitching of the in-plane magnetization. Evidence for this
and annealed at 300, 250, 225, and 200 °C for 1 min. Test@ssociation comes from the behavior of these features with
for continuity through the conducting channel revealedrespect to the sample orientation, with the switching features
250 °C as the lowest annealing temperature at which the Imoving to smaller field as the applied field is moved towards
made contact to the conducting layer. In addition, ALE DFHthe in-plane geometry. Additionally, the field at which the
samples were annealed at 250°C without In and subseseaks occur also depends on temperature, moving to lower
quently measured in the SQUID, revealing minimal modifi-field as temperature increases and extrapolating to zero field
cation of the magnetic propertigao change inTc and a at T¢. The relative prominence of the switching-related
small enhancement of the stepped behavior in the hysterisigeaks and the hysteretic behavior seems to be quite sensitive
loop). As a result, all measurements discussed below werto run-to-run variations in the exact alignment of our rotating
performed on samples annealed at 250 °C for one minute. sample stage. For example, two subsequent measurements of
Let us first consider the temperature dependence of the=1x 10" cm 2 with slightly different orientations of the
longitudinal resistivity for sample series &ig. 7). All rotator reveal behavior that varies qualitatively between that
samples show insulating behaviors-0, with the absolute shown for n=1x10" cm 3 and that shown forn=7
resistivity lowest for the most heavily Be doped sample andx 10'® cm™2 in Fig. 8@). Collectively, these results are sug-
highest for the most heavily Si doped sample, but with nongestive of a strong sensitivity to the in-plane orientation of

V. TRANSPORT PROPERTIES
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offset for clarity.(b) As (a) but for transverse magnetoresistivity. ield. Curve_s are offset for clarityb) As (3 but for transverse
magnetoresistivity.

the magnetization. This is consistent with recent repats The two most heavily Be doped samplep=(1
GPHE in random alloyGa,MnAs and will be discussed in  x 10°° cm™ 2 and 2x 10?° cm™ %) show the lowest overall re-
more detail below. Finally, thp=3x 10'° cm™2 sample dis- sistivity, the weakest longitudinal magneto-resistance, the
plays an additional resistance maximum at zero field, whichmost clear anomalous Hall signal, and the most heavily
is not understood at this time. doped p=2x10?° cm 3) shows no critical scattering near
Further phenomena are revealed when we consider the.. These traits suggest that these samples are highly con-
behavior of the transverse resistivitlyig. 8(b)]. For all but  ducting and that their transport is significantly less sensitive
the most heavily Be doped samples, there is clearly a signifito their magnetization when considered with respect to the
cant contribution from the longitudinal resistance due to theemainder of the sample set. The latter behavior could in
finite geometry of our voltage leads; however, the presencgrinciple be due to a number of effects, including an overall
of hysteretic effects precludes traditional antisymmetrizationveaker magnetizatiofiFig. 5a)] or preferential transport
techniques?! Nevertheless, it is still possible to see the over-through the heavily doped spacer layers rather than through
all sign of the anomalous contribution, most clearly demonthe MnAs. Finally, we consider magnetotransport with the
strated in the asymmetry in the critical scattering peaks in thenagnetic field applied in-planéalong [110]). Figures %a)
p=0cm 3 (Be) sample. Curiously, the sign of the anoma- and 9b) show both longitudinal and transverse normalized
lous contribution does not seem to depend systematically oresistivity for this geometry for sample series A. In both data
the electronic doping. However, even more intriguing is thesets, the Si doped as well as the:0 cm 2 samples exhibit
presence of strongup to ~20%) resistance fluctuations, behavior consistent with a large anomalous magnetoresis-
most easily seen in then=3x10¥cm 3 and p=3 tance resulting in a GPHE approximately>@arger than
%10 cm 2 samples but also present in tle=0cm ®  has been previously reportéd? The more complicated
samples(both Be doped and UID The gross features of structure seen here relative to what has been seen in the
these fluctuations reproduce scan to scan, but not on subsendom alloy(i.e., multiple peaks and overall hysteretic be-
quent cooldowns, and they are present only at fields belowiavior) may be due to the differing magnetic anisotropies.
the critical scattering field. This behavior is consistent with aSpecifically, measurements of the in-plane magnetic anisot-
frustrated, or metastable potential; for instance the motion ofopy in DFH samplegboth MBE and ALB suggest that the
domain walls through a potential landscape that depends dn-plane easy magnetic axes are biaxial along[t@0] di-
the microscopic magnetization profiles of the individual lay-rections, while the Hall bars are patterned parallel to the
ers. One might expect these landscapes to be stable on tbeavage planes of the GaAs, alofL0]. In contrast, the
time scale of minutes to hours, even to days, at low temperaeasy magnetic axes for random all@a,MnAs are biaxial
ture, but would be reset by warming significantly abdye along the[110] directions®
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The p=3x10' cm 3 sample again shows unexplained depend sensitively on the magnetization confirms that the
three-peak behavior in the longitudinal geometry and strondree carriers strongly interact with the local Mn moments for
resistance fluctuations in the transverse geometry, while thieoth p- andn-type doping of the GaAs spacers. Additionally,
two most heavily Be doped samples again show a markethe electronic transport in these materials reveals multiple
insensitivity to magnetic field when considered relative toregimes of free-carrier localized-moment interaction, includ-
the remainder of the sample set. While not conclusive, thesmg possible sensitivity to domain wall motion and enhanced
results further support the proposition that in the Si dopedjiant planar Hall effect. These developments provide a useful
and undoped structures the transport is dominated by currenew test bed for exploring the nature of carrier mediated
in the MnAs layers, while the heavily Be doped samples arderromagnetism, as well as spin dependent scattering and
dominated by current in the GaAs spacers. anomalous Hall physics, and should provide additional flex-

ibility in the design and implementation of active spintronic

VI. CONCLUSIONS devices®®

Through the combination of both spatial segregation of
magnetic and nonmagnetic constituents and nonequilibrium
epitaxial techniques we have engineered a ferromagnetic We would like to thank G. Doler for stimulating discus-
semiconductor that maintains ferromagnetic order while insions. This work supported by Grant Nos. DAPRA/ONR
dependently controlling the electronic doping in the GaAsN00014-99-1-1096, AFOSR F49620-02-10036, ARO
spacers. Further, the fact that the magnetotransport properti€AAD19-01-1-0541, and NSF DMR-0071888.
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