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Ordinary Hall effect in MBE-grown MnAs films grown on GaAs (001) and GaAs111)B
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We study the low-temperature magnetoresistance in thin, high-quality MnAs layers on GaAs. The ordinary
Hall effect depends sensitively on the epitaxial orientation of the MnAs layer. We use a simplified model to
interpret the sign reversal of the Hall resistivity as a function of the magnetic field together with the large
positive magnetoresistivity. F@k,-oriented MnAs films with the axis oriented in the plane, we conclude that
the low-temperature carrier transport is dominantly holelike at zero magnetic fields, which then undergoes a
transition to mixed holelike and electronlike conductivity at high magnetic fields. MnAs films with an out-of-
plane oriented axis show a mixed carrier conductivity already at zero magnetic fields. The possible influence
of interface/surface scattering in high-quality MnAs layers on the transfer of holelike to electronlike conduc-
tivity is discussed.

DOI: 10.1103/PhysRevB.67.113301 PACS nuni®er73.25:+i, 73.50—h, 75.50.Cc

Hybrid structures consisting of ferromagnetic metal layersas, coverage/reconstruction and by varying the ratio of the
on semiconductors have recently attracted much attentiopeam equivalent pressufBEP) ratio of As, and Mn. TheA,
due to their potential in spintronics. One important effort isorientation, where the crystallographiaxis lies in the film
to realize spin injection from metals into semiconductdrs lane and is oriented along the GaPCBTO] direction. was
with the additional degree of freedom of manipulating spins,ji5ineq by growing on an As-rich Ga@@l)-(4’>< 4)
in the semwonduct_or. The room-temperature f_er_romagne[temmaté,s at a growth rate of 20—25 nm/h and a BEP ratio
l'\élrr:f‘;rcuir:u?zl Zﬂgaﬁigngiiwgggeggih?gn%);cllgggee)é?eI-Of 300. Another orientation, which we ca#l, orientation,

was obtained by growing on a Ga@91)-(2x 4) template

the carrier properties in the ferromagnet is of critical impor- . .
tance in order to utilize the hybrid structure. The detailed®! & growth rate of 140 nm/h and a BEP ratio of 10. In this

investigation of the magnetoresistivity and its temperaturé@Se. the samples consist of domains with 29° out-of-plane
dependence allows us to characterize the carriers at tHientations of thee axis, whose projection in the film plane
Fermi surface. A two-carrier transport with a transition be-is parallel to the GaA$§110] direction as for theA, orien-
tween the electron- and hole-dominated transport regimettion. The MnAsc axis, which is the crystallographic hard
was suggested for MnAs films on GaAsyhich is, for ex-  axis of magnetizatiof,determines the direction of the mag-
ample, of direct relevance for spin-injection experiments.netic hard axis in the film, which is oriented along the GaAs

This conclusion was drawn mainly because of the observefh 107 direction for both orientations. In MnAs layers grown

sign reversal of the Hall resistivity with increasing magnetic n a GaA§l11)B-(2X2) template at a growth rate of 20
fields at low temperatures. At the same time, a sign revers m/h and a BEP ratio of 120, theaxis is oriented perpen-
of the Hall resistivity was discussed as a transition phenomaicular to the film pland®

ena from low fields to high fields, when different momentum We will present experimental results for four different

orbits at the Fermi surface contribute to the conductivity, S moles. The sample thicknesses and orientations are listed
it was shown for the Hall effect in C(Ref. 6 and Fe’ PIES. P

. . : in Table I. The high quality of the layers is demonstrated by
In order to investigate, if the complex structure of the'N ) - S
Fermi surface comes into the play in experiments with highthe resistance ratip(300 K)/p(1.2 K), which is 600 for the

magnetic fields, we have studied the magnetotransport ifliso nm thick sampl&1, 40 for the 20 nm thick sample2

MnAs films with different epitaxial orientations grown on and S3, anq 60 for the 50 nm thick sampis4. For the .
semi-insulating GaA®01) and GaA&L1DB. Our results magnetoresistance measurements, we used rectangular speci-

show that the type of carrier transport depends on the epitaytens with current flowing either in the Gaf$10] or GaAs
ial orientation. We will use a simple model to describe the[110] directions with Ohmic contacts in a conventional Hall
magnetic-field dependence of the resistivity tensor by changdeometry by bonding Au wires onto the layer at the sample
ing the contribution of electronlike and holelike conductivity Poundary. We carefully aligned the Hall contacts along equal
with magnetic field. potential lines in zero magnetic field. However, because of
The samples were grown using standard solid-sourcthe low Hall resistivityp,, in comparison with the longitu-
molecular-beam epitaxy on Ga@91) and GaA§111)B sub-  dinal resistivityp,,, a significant crossover from,y to p,y
strates. The surface reconstruction and crystallographic orimay occur. In this case, we correctgg, using the relation
entation were monitored by reflection high-energy electrompyy (H)=pyy(H) = pxy(0)/pxx(0)X px(H) and proved that
diffraction. Ferromagnetic MnAs layers were grown on apy,"(H) is an odd function of the magnetic fietd.
100 nm GaAs buffer layer at a substrate temperature of Because of the ferromagnetic properties of the layers,
250°C. Different epitaxial orientations were obtained byand p,, depend on the magnetic field, the field orientation,
growing MnAs on different template structures with different and temperature. For in-plane magnetic fields, the magne-
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TABLE I. The thicknesd, the orientation, the carrier densitipgndn, the inverse mobilitieS" and S¢,
the scattering rate for the transition from holelike to electronlike ofBitsand the hole mean free path
obtained from the fit of the magnetoresistance dat@i-a0.3 K. An asterisk indicates a value obtained at

large magnetic fields.

Sample d MnAs p n g s® s Lh
(nm) orientation (per unit cel) (per unitcel) (Vs/m?) (Vsin?) (Vs/m?) (nm)
S1 180 Ao 1.2 0 31 10 1.8 225
0.2 0.08*
S2 20 Ao 1.2 0 400 91 29 18
S3 20 A 1.8 0.2 240 30 83 33
4 50 cln 0.10 0.09 33 27 >100 90

toresistivity tensor is highly anisotropic and mainly deter-with a maximum value of only 17%. Following the quanti-
mined by the hindered rotation of the magnetic momenttative analysis of two-band magnetotransport in half-metallic
Here, we discuss only the ordinary Hall effect with the mag-chromium dioxide! the nonlinear dependence and the sign
netic field perpendicular to the surface at low temperaturesieversal of the Hall resistangs,, with increasing magnetic

At temperatures below 1 K, the longitudinal resistivjty, is

field was interpreted as a two-carrier transport, dominantly

low and, therefore, the anomalous Hall effect in the MnAsholes at high temperatures and dominantly electrons at low
films becomes negligibly small. Additionally, in this case temperaturesHowever, we will show that the simple model
there is no significant anisotropy with current flowing in the of two-carrier transport cannot account for the observed
GaAs[110] or GaAs[110] directions. The low-temperature Magnetotransport data in high-quality MnAs films. More-

magnetoresistange,, [ pxx] is shown in Figs. (a) and Xb)

over, we will show that a carrier-type transition appears at

[Figs. Xc) and Xd)] for the four samples as a function of the @wc7=1, wherew, is the cyclotron frequency antdthe scat-

magnetic field. As already reported by Berey al.’ the

Ag-oriented MnAs films show a Hall resistivity with a posi-

tering time.
The model for the classical two-carrier transport in the

tive slope at low magnetic fields. The slope changes to negd3all geometry is based on the assumption that the compo-
tive values at higher magnetic fields, and even the Hall renents of the conductivity tenser are additive in the conduc-

sistivity becomes negative at the highest magnetic fields.

Ativities for each carrier channel, in particular electraes

the same time, these samples exhibit a large positive magnand holes ):

toresistivity of more than 420% &l =120 kOe(sampleS1

with the lowest resistivity In contrast, the slope and the
Hall-resistivity are already negative for the lowest magneti

field values in films with an out-of-plane orientedaxis. In

addition, these films show a much smaller magnetoresistivity
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FIG. 1. Hall resistivities for sample&@ S1 and S2 with A,
orientation andb) S3 andS4 with out-of-plane orientation of the
axis and the corresponding magnetoresistivitiegc)nand (d) as a
function of the magnetic fieltH at T=0.3 K. Open circles repre-

O'ij=0'ihj+0'ﬁ. (1)
C'I'he indicesi,j define the coordinates,y in the plane per-
pendicular to the magnetic field direction. For spherical hole

and electron Fermi surfacesi'} and oiej have the form

1
| | |
Oy=0y—=—0g———,
T P01 (HIS)?
(HIS)
P R , 2
T I (S @

wherel =h,e andoh=exn'/S. The plus(minus sign cor-
responds to the holelectron conductivity with the density
n"=p (n®=n). Within this model,S' denotes inverse mo-
bilities andH/S'= w.7. For asymmetric scattering in ferro-
magnetic metalsS becomes a tens&t.The resistivity tensor

p is obtained by invertingr. However, using this model, we
could not find an adequately and simultaneously fit of the
field-dependent Hall resistivity,,(H) together with the
magnetoresistivityp,,(H) for all four samples by varying
the parameters, p, %, andS" even when taking into ac-
count anisotropic scattering at magnetic moments. As an ex-

sent the fit to our model with respect to the true field in the sampleample, we show in Figs.(& and Xb) a fit according to a

The dotted line in(c) representg,,(H) calculated from the param-

eters for a fit ofp,,(H) in S1 with the simple two-band model.

procedure described in Ref. 11, which exhibits two major
discrepancies. First, within the simple two-carrier transport
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FIG. 2. Kohler plot of the Hall resistivities for sampll at FIG. 3. Calculated carrier densities as a functionHip, at

several temperatures as indicated. The traces are shifted by= 0.3 K.
pxy!po=10.01 atH=0 for clarity.
lows to account for the change of the carrier transport type

model, the magnetoresistivity saturates at high fié?ds,f holelik | iike by chanai
which we do not observe in our films. Second, we obtain/ 0™ NO'EIIXE to electronlike by changing.7. We suppose

unrealistic mean free paths', which are much larger than that W'Fh Increasingw,r more momentum space become_s
the film thicknesses, e.g. =058 n?/Vs in the sample accessible, which may result in a change of the scattering

S1, which corresponds ta"~1 um. This would suggest process, such as intersheet scattering with Umklapp

that scattering at the interface/surface is negligible, whic catt%rmé“ oran increase O.f electron orplts at the expense of
contradicts, however, our observation that the resistivit oles. To account for the @fferent contrlbutlons of electrons
drastically increases with the reduction of the film thicknes a_nd ho_les to the conductivity, we use instead of &.for
for similar growth conditions. For the samp&L with the simplicity
lowest resistivity,p.(H) increases up to our highest mag-
netic fields without any sign of saturation. Earlier investiga-
tions of the magnetoresistivity relate this behavior to non-
spherical Fermi surfaces in reciprocal space with open
orbits1® However, a fit with open orbits was not successfulwhere Q is a weighting factor anc as well asb are the
for our experimental data. The nonlinearity or the sign reverselative contributions of the electron conductivity at zero and
sal of p,,(H) are discussed as a result of scattetihgr  high fields, respectivelyS' is proportional to the scattering
magnetic breakdowfi between different sheets of carriers at rate for the transition from holelike to electronlike orbits.
the Fermi surface under the conditian7=1. To prove the Although this model is very simple, we are able to model
low-field to high-field transition nature of the observed signboth p,,(H) andp,,(H) for all our four samples in the tem-
reversal ofp,,(H), we show in Fig. 2 the data of the sample perature interval, where the ordinary Hall effect is dominant.
S1 for different temperatures in a Kohler plot, where theFor the lowest temperature, we indicate the fits as open
ratio py,/pg is plotted as a function dfi/py. pg is the zero- circles in Fig. 1. The corresponding parameters are listed in
field resistivity, which changes drastically with temperature.Table I, the densitiea X Q and(only for S1) pXx(1—Q) are
Fortunately, a sufficiently large temperature interval fromshown in Fig. 3 as a function of the magnetic field.
0.3-40 K exists in this sample, where the anomalous Hall The main result of this model is that the low-temperature
effect vanishes, byt, changes from 0.4 to 2.6Q cm. Ob-  carrier transport is dominated by holes at zero magnetic field
viously, the change in the Hall conductivity occurs at thein Aq-oriented MnAs films. Electrons appear at the expense
sameH/p, value, which is proportional ta.7, rather than of holes with increasing magnetic field. In contrast, samples
at the same field valui for different temperatures and layer with an out-of-plane orientation of the MnAsaxis exhibit
thicknesses. We interpret this behavior as a strong indicatiomixed holelike and electronlike conductivity already at zero
that the low-field to the high-field transition in the Hall effect magnetic field. The conductivity in samp® even shows
has its origin in the unique Fermi-surface topology. Bandthe signature of a compensated metal with nearly equal hole
structure calculations for MnAs show the more complex to-and electron density. Because of the simplicity of the model
pology of the Fermi surfacE'” Therefore, extended path- and the arbitrarily chosen weighting factq; the densities
integral calculations are necessary in order to model th@nd inverse mobilities given in Table | are more an estima-
magnetoresistivit} as a function of the contributions of dif- tion rather than a precise determination. At least, the esti-
ferent momentum orbits, the temperature, and the magnetimated mean free path” from these values are of the order
field. Such calculations are far beyond the scope of thiof the film thickness, which indicates that scattering occurs
paper. mainly at the surface and at the MnAs/GaAs interface as
Nevertheless, we will present a simple model, which al-expected for the low-temperature case. Both the inverse mo-

h . a+b|H/S!|
O'ij:(l_Q)XO'ij"r‘QXO'ij, QZW, (3)
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the surface to the interface and back, the carriers cannot ac-
cumulate sufficient wave-vector change from the magnetic
/ o flux in order to reach other regions at the Fermi surface,
which have a different curvature. In contrast, specular scat-
/. s tering changes only the momentum projection perpendicular
/ to the surface or interface, leaving the momentum in the film
plane unchanged. High-resolution transmission electron mi-
croscopy reveals an abrupt interface between the MnAs layer
- and GaA$§001).® Therefore, we suppose that specular scat-
S tering exists in our films, which enables a low number of
4 carriers to remain longer in orbits around the Fermi surface,
r thus to accumulate sufficient wave-vector change to reach
T " T T T electronlike orbits. Path-integral calculations including inter-
face scattering are necessary to check whether such pro-
Py, (W€2cm) cesses can explain the present experimental results
FIG. 4. Dependence @&", S, andS! on the zero-field resistiv- Iayg]r;gzcgj:fga;hpeeﬁggférgi[ii(\a/ (:?yr ;??ﬁgz:;jsr;zitlhé?ix\?zg?on
fty for samplesSl (po=3 w£2 cm) ands2 (po=9 w2 cm). and the magnetic field. We used a simplified model to inter-
pret the results of low-temperature magnetoresistance mea-
surements, which indicate a change of the carrier type with
increasing magnetic field. As a result, we found for
Ap-oriented MnAs films that the low-temperature carrier
transport is dominated by holes at zero magnetic fields with

holes and electrons in our experiment. Instead, the conditio transition to electronlike conductlwty at high m‘?‘gnet'c

A . ._Tields. We speculate that a possible specular scattering at the
H/S'>1 seems to control the sign reversal of the Hall resis- X e .
L . : . ; , interfaces increases the lifetime of carriers on momentum
tivity and is responsible for the universality of the data in the

Kohler plot shown in Fig. 2. We do not fully understand the orbits at the I_:erml surface making the transition p055|b_le.
MnAs films with an out-of-plane component of the c-axis

reason for this discrepancy. However, a possible basis for al}, ; . o i
) . . show a mixed carrier conductivity already at zero magnetic
explanation may be the dominance of surface and mten‘aCﬁ:eI ds

scattering, which are characterized by specular and diffuse

scattering processes. A strong diffuse scattering at the The authors would like to thank C. Herrmann and A.
interface/surface redistributes carriers over a wide area dRiedel for technical assistance. We are indebted to K. H.
momentum space at the Fermi surface, thus increasing bo#loog for continuous support and to H. T. Grahn for a critical
S' andS' (see Fig. 4 During the motion across the film from reading of the manuscript.

bilities as well asS! increase with increasing film resistivity,
as shown in Fig. 4. The absolute values Sfare always
lower thanS" and S°. At the same time, the conditiom,7
=H/S'>1, for which carriers may complete full circles
around orbits at the Fermi surface, is not fulfilled for both

*Electronic address: kjf@pdi-berlin.de 9, Schippan, G. Behme, L. Daritz, K. H. Ploog, B. Dennis,

IH. J. Zhu, M. Ramsteiner, H. Kostial, M. Wassermeier, H. P.  K.-U. Neumann, and K. R. A. Ziebeck, J. Appl. Phg8, 2766
Schaherr, and K. H. Ploog, Phys. Rev. Le#Z, 016601(2001). (2000.

2A. T. Hanbicki, B. T. Jonker, G. Itskos, G. Kioseoglou, and A. 19y, Morishita, K. Ida, J. Abe, and K. Sato, Jpn. J. Appl. Phys., Part
Petrou, Appl. Phys. Leti80, 1240(2002. 236, L1100(1997.

3M. Tanaka, J. P. Harbison, M. C. Park, Y. S. Park, T. Shin, and Glig M. Watts, S. Wirth, S. von Molnar, A. Barry, and J. M. D.
M. Rothberg, J. Appl. Phys/6, 6278(1994). Coey, Phys. Rev. B1, 9621(2000.

4L. Daweritz, F. Schippan, A. Trampert, M. tner, G. Behme, Z. 12| Berger, Phys. Rev177, 790 (1969.

M. Wang, M. Moreno, P. Schzendibe, and K. H. P'°99' J. 13N W, Ashcroft and N. D. Mermin, irSolid State PhysicéHolt,
Cryst. Growth227-228 834 (2001, and references therein. Rinehart, and Winston, New York, 1976Chap. 12

5 . .
J.J. Berry, S. J. Potashnik, S. H. Chun, K. C. Ku, P. Schiffer, anq4c_ M. Hurd, inThe Hall Effect and its Applicationgdited by C.

N. Samarth, Phys. Rev. B4, 052408(200J. .
6C. M. Hurd, J. E. A. Alderson, and S. P. McAlister, Phys. Rev. B 15LL' Chien and C. R. Westgat®lenum, New York, 1980 p. 1.

14, 395(1976 . M. Sandratskii, R. F. Egorov, and A. A. Berdyshev, Phys. Sta-
R. V Coleman, R. W. Klaffky, and W. H. Lowrey, ifthe Hall 16 ts Sgliji B103 51%(198])' h il

Effect and its Applicationsedited by C. L. Chien and C. R. PAE?“” rzn,oAEl?l(eln, P.P\]:me: Blagolasnessgplyg\]égM- Wills, R.

Westgate(Plenum, New York, 1980 p. 99. 17 uja, _an - EN sso.n, yS. Rev.d3, :
8Concerning the GaA801)-d(4 X 4) surface structure, see, e.g., I. 185' Sanyno and N. A. Hill, PhYS' R_ev. B2, 15 553(2000.

Kamiya, D. E. Aspnes, L. T. Florez, and J. P. Harbison, Phys. F- Schippan, A. Trampert, L. Deritz, and K. H. Ploog, J. Vac.

Rev. B46, 15 894(1992. Sci. Technol. B17, 1716(1999.

113301-4



