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Transport properties and origin of ferromagnetism in (Ga,Mn)As
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Magnetotransport properties pftype ferromagneti¢Ga,MnAs, a diluted magnetic semiconductor based
on lll-V semiconductors, are measured and phd exchange between holes and Md 8pins is determined.
The ferromagnetic transition temperatures calculated based on the Ruderman-Kittel-KasuyadRkgita
interaction using the exchange reproduce remarkably well the observed ferromagnetic transition temperatures,
demonstrating that ferromagnetism (@a,MnAs has its origin in the RKKY interaction mediated by holes.
[S0163-18208)50104-X

Interplay between cooperative phenomena and carriewhich formation of MnAs takes place during MBE growth
transport is a source of rich solid state physics. A number oéven at low growth temperatures. The easy axis of magneti-
new phenomena in the transport properties of semiconductaation is in plane due to compressive strain in the film: when
heterostructures have been discovered in the past two déie sign of strain is reversed using an appropriate buffer
cades. Only a limited number of transport studies, howevenayer, the easy axis can be made perpendicular to the plane.
have been conducted on the cooperative phenomena in serfiihe saturation magnetization of the samples is consistent
conductors and research in semiconductor heterostructureswsth Sy,,=5/2, the expected value for Mh state.
virtually nonexistent. So far, conducting semiconductors that Temperaturel (2—300 K) and magnetic field (up to 7
show cooperative phenomena are limited to magnetic semiF, and perpendicular to the sample plamependence of
conductors, such a&u,GdS (Ref. 1) and CdCsSe,,? with resistivity p, and Hall resistivityp,,, were measured using
the exception of a small band gap IV-VI-based diluted magHall bar geometry. Figure 1 shows the results of such mea-
netic semiconductdiDMS) (Pb,Sn,MnTe 2 Heterostructures surements of sample 5. The rapid increase and saturation at
based on these materials are difficult to prepare; they are néw fields of p,,; gradually become apparent as the tempera-
easy to prepare even in bulk form. II-VI-based DMS’s and
their heterostructures have not been suitable for transport 3 6.0 T
studies because of difficulty in dopifgOn the other hand,

ll-V—based DMS's>® especially ferromagneticp-type ~ 4or

(Ga,MnAs,’ offer an opportunity to explore various aspects g sob

of carrier transport in the presence of cooperative phenom- ?C} '

ena, sincdGa,MnAs is conducting, can be dopednaype, 2 o0

and is compatible with GaAs-based heterostructfitesthis = 5

paper, we report results of detailed magnetotransport study & 20 5 .
of ferromagnetic  p-type (Ga,MnAs layers §

(p=10"®-10?° cm3) with Curie temperature as high as 110 4.0
K. The measurements allowed us to determinepghe ex-
change between carrier spin and Mn spjig in (Ga,MnAs. \
The origin of ferromagnetism is quantitatively showntobe | _Zf—-- N
the Ruderman-Kittel-Kasuya-YosidRKKY ) interaction via
Jog-

P The (Ga,MnAs layers were prepared by molecular-beam o
epitaxy (MBE) at low growth temperaturg200—-300 °Q to
suppress the surface segregation of Mn and formation of the
MnAs second phase during growth. The 200-nm-thick
(Ga _4Mn,)As layers with Mn composition=0.015-0.071
were grown on an (AlGa )As buffer layer on semi-
insulating GaAq001) substrates. No intentional doping was 06 . . .
used during growth. Six samples, which had0.015, 0.022, -8 -4 0 4 8
0.035, 0.043, 0.053, and 0.071, used in this study are here-

after referred to as samples 1-6 in order of increasing FIG. 1. Magnetic-field dependence of Hall resistivity, and
Details of the epitaxial growth ofGa,MnAs as well as its  resistivity p of (Ga,MnAs with temperature as a parameter. Mn
basic properties were presented elsewiérén short, the composition isx=0.053. The inset shows the temperature depen-
lattice constanta of (Ga,MnAs increases linearly withx  dence of the spontaneous magnetizatibpdetermined from mag-
following Vegard's law anch extrapolated to«=1 is 0.598  netotransport measurements; solid line is calculation by a mean-
nm. The maximum Mn concentration so far is 0.071, abovsdield theory.
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ture is lowered; at low temperaturegs,,, shows only a small 120 - 10
linear dependence dd at high fieldg not clearly seen in Fig. i
1(a) due to its scalk Negative magnetoresistance is ob- /
served in the whole temperature range of the present experi- : .
ment and is most pronounced at intermediate temperatures 80f
(30—-110 K. At low temperatures a small positive magne- _—
toresistance appears at low-field region. P

We first analyzey, - puan Of magnetic materials such as 4
(Ga,MnAs is expressed as,

Te (K)

(,wo)d

) — 410

whereRy is the ordinary Hall coefficientR, the anomalous 800 0.04 Soh0”

Hall coefficient, andM the magnetization of the samples. X

From comparison between the results of magnetization and

magnetotransport measuremeftst shown, see Ref.)7R FIG. 2. Mn composition depenqlence of ferromagnetic trangition
is shown to be proportional to and thusRs= cp, wherec is temperaturéc_ and hole conc_t_antrathu. Samples on the metal side

a constant, indicating that the skew scattering is responsibl f the meta_l insulator transition are shown by the closed symbols
for the appearance of the anomalous Hall effécthe con-  (S€€ also Fig. B

tribution from the ordinary Hall effect is negligible in most ]

of the temperature range investigated, since the slopegf  With intermediatex (samples 3, 4, and)fare on the metal

at the lowest temperature under h|gh magnetic fideEre side of the metal-insulator tl‘anSItlon, whereas low and h|gh
M saturates and hence is consjastvery small[see Fig. Samples are on the insulator side. All el curves showed
1(a)]. One can therefore determind from the magne- @& maximum(a hump aroundT., which moved to higher
totransport measurements alone onde R,=cp is known temperature with increasing (see the inset for sample.5
(cis typically 1.2—1.9 T'1). The temperature dependence of Although a hump is seen in all samples, it is somewhat ob-
the spontaneous magnetizatidh, and the ferromagnetic Scured by the r§p|d increase in resistance for the msullatlng
transition temperatur&, can be determined from the field Samples. This critical behavior pfis commonly observed in
dependence of magnetizatioi,,, obtained from magne- Magnetic metafé and magnetic semlcondpct&?sand is
totransport measurements (i5y= prai/Cp), USing an Arrott  Known to be due to the scattering of carriers by magnetic

plot (whereM?2,, is plotted againsB/M ). The results are spin fluctuation via exchange interaction. To avoid compli-
shown in the inset of Fig.(&). The shape oM. T can be cation arising from the localization effect, we hereafter con-
.(B). s

described well with a simple mean-field theory using a Bril-centrate on the pehavior .Of the m_etallic samples... The hature
louin function with S,,,=5/2 as shown by the solid line in and the mechanism of this metal-insulator transition are dis-
n

the inset.T of this sample was determined to be 110 K. Thecufﬁd eésewhedllé. i ist i Fi all
paramagnetic Curie temperatufecan also be determined e observed negative resistance in Fifh) 1a metallic

from the temperature dependence of the inverse of the Zer&_ample) can be understood as the reduction of scattering by

field slope of My,,. A straight line characteristic of the aligning spins byB. Well aboveT, where there is only

Curie-Weiss law was obtained for all the samplest Z_malldspln ccgre!aﬂofn am?n? Mdn Sp'ﬂbs’ %::jcan lése the s‘}pln-
shown, and 6~T,. The small linear slope of theyy— B isorder scattering formula to describe ependence 0

curves at low temperature £10 K) under high magnetic
fields (B=5-7 T) allowed us to determinB,. The conduc-
tion type wasp type for all samples and the hole concentra-
tion p of the sample shown in Fig. 1 was K307 cm?.

Figure 2 summarizes thedependence of ; andp. T is
approximately proportional te up tox=0.053, above which
it appears to start to decrease. The higfigesto far obtained
is 110 K. p also increases witlkk and peaks ak=0.053.
Since Mn is divalent, one might expget=[Mn]. Howeverp
is 15% of Mn concentratiohMn] at most. This may be due
to compensation of Mn acceptors by deep donors such as the
As antisite known to be present with high concentration in
low-temperature grown GaA<.The hole concentration of o [ oo
the samples with low (samples 1 and)Zand highx (6) may ' ' 0.053
contain appreciable error. This is because of the insulating

40}

PHan=RoB+RM, D

X
0.015
0.022
~={0.071

nature of these samples as shown in Fig. 3 and the appear- T(K)

ance of an additional paramagnetic comporiértpth of FIG. 3. Temperature dependence pf at zero field for
which make accurate measurements at bvand highB  x=0.015-0.071. The samples wik+0.035—0.053 show the me-
difficult. tallic behavior. The inset shows the expanded view of the sample

Now we turn top. Figure 3 shows the temperature depen-with x=0.053 at aroundr, with the magnetic-field dependence;
dence ofp for all the samples. As seen in Fig. 3, the samplesother metallic samples show essentially the same critical behavior.
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FIG. 4. Negative magnetoresistance at three different tempera- g 5. Comparison between the experimental (closed
tures abover for the sample withx=0.053. The solid lines show  ¢jrcleq and the calculated, (open circles The error bars for the
fits using Eq.(3). calculatedT,, represent the error involved in determining exchange

. i o and carrier concentration.
p, from whichJ,4 can be determined. For the description of

the critical behavipr in the temperature dependengg, ohe Finally, we discuss the origin of ferromagnetism of
needs to take into account the wave-vector-dependenisa MnAs. Since the magnetic interaction between Mn in
susceptibility- _ , the cation sublattice in zinc-blende structure is known to be
Carriers are scattered by the exchange interaction of thgniferromagnetid® the ferromagnetic interaction respon-
following form: sible for the observed ferromagnetism(@a,MnAs is most
likely carrier induced. We examine whether the observed
H=—J,02 8(r—R)S"s, (2)  ferromagnetism ofGa,MnAs fits into the framework of the
I

RKKY interaction mediated by carriers. The RKKY ex-
change Hamiltonian between the Mn spins at sitaadj is

where § is the Mn spin at siteR; ands is the spin of the expressed byd = —J; S-S, , whereJ;; is given by

carrier at siter. This interaction gives rise to the following
spin-disorder scattering resistivipy. 4
J——%JZsz )ex i (4
ke m*J54 17T e T TSR T )
Ps:2772_e2 o3 ndS(S+1)—(9?], ()

P Herer;; is the distance betweerandj, andF(2kerj;) is the
wherekg is Fermi wave numbeg the elementary charge ordinary RKKY oscillation term, antl is the mean free path
the effective mass of carrien, Planck constanty, the den-  Of carriers. The term exp(r;;/l) in Eq. (4) represents the
sity of Mn, S=5/2 the Mn spin, andS) the thermal average effect of a finitel following de Genned! From Eq.(4), T, is
of S*° given by,

Figure 4 shows the result of the fit using Eg) with J,4
as a parameter. Single value 8f4=150+40 eV A not
only reproduced very well thB dependence g at various
temperatures abov&. as shown in Fig. 4, but also repro-
duced thep-B curve of other metallic samples aboVg. For  wherez, is the number of th nearest group-IlI sites.
the fit, the measureg was used, assuming no temperature Using the values determined by experiments, including
dependencéwhich is reasonable for a degenerate sy$tem J,4, one can calculat&, for the three metallic samples us-
(S) was calculated fronM yy=ngue(S), whereg=2 is  ing Egs.(4) and(5), and compare them with the experimen-
the Lande’sg factor of Mn andug the Bohr magnetorkg tally determinedT .. This is done in Fig. 5. As one can see
was calculated fromp assuming a spherical Fermi surface. A the agreement is excellent. The error bars in Fig. 5 reflect the
GaAs heavy-hole mass of 0rg, (m,, free electron mags errors ofJ,q andp. | was calculated from the carrier mobil-
was used fom. ity at 10 K, which were in the range of 0.50-0.65 nm. The
The small positive magnetoresistance observed atTow sign of the RKKY interaction is in effect only ferromagnetic
in Fig. 1(b) is most probably caused by the rotation of spinsin the present case, because the first zero of the oscillating
from its original in-plane direction to the perpendicular di- term in Eq.(4) occurs at a much longer distance thawing
rection. The maximum of the magnetoresistance corresponds the low carrier concentration. This gives rise to the uni-
to the “knee” of magnetization. This positive magnetoresis-form ferromagnetism that can be described by a simple
tance disappears whe® is applied parallel to the sample mean-field theory. The quantitative consistency of the mea-
plane (not shown. The small residual negative magnetore-sured and calculated, usingJ,q determined from the field
sistance seen at highBr at low T may be attributed to the dependence of the spin-disorder scattering clearly demon-
alignment of a small amount of spins that are originallystrates that the origin of the ferromagnetic order({a,
canted by some local inhomogeneity. Mn)As is the RKKY interaction.

T.=5xS(S+1)2 z.3;(r), (5)
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It is interesting to note thak./x~2000 K for(Ga,MnAs  which allowed us to determine the exchange of carrier-spin
is one of the highest induced by carriers. This is due to thénteraction asl,q=150 eV R (NyB=3.3 eV). This value of
large J,4q=150 eV A, or NpB=3.3 eV in terms ofNyB  exchange reproduced very well the experimentally obtained
commonly used to describe tiped interaction in DMS's:®  ferromagnetic transition temperature based on the RKKY
In 1I-VI-based DMS’s the typical value dl;8 is 1 eV at  formula. This quantitative agreement shows that the RKKY
most. The largeNyB is consistent withNo8=2.5 eV re-  interaction is responsible for the appearance of ferromag-
ported by Szczytkeet al,’® who measured magnetoreflec- netism in(Ga,MnAs.
tance of excitonic interband transitions in heavily Mn-doped
GaAs. It is possible that the preséwg is influenced by the The authors thank Professor O. Sakai of Tohoku Univer-
spin-spin correlation of carrief8.1t is not yet clear, how- sity for useful discussions. This work was partially supported
ever, whether or not this effect is important. Further work isby a Grant-in-Aid for Scientific Research on Priority Area
needed to elucidate the origin of this larygg. “Spin Controlled Semiconductor NanostructuregGrant

In conclusion, we have reported the results of magneNo. 09244103 from the Ministry of Education, Science,
totransport measurements of ferromagnéBa,MnAs with  Sports and Culture, Japan, by the “Research for the Future”
Mn concentration in the range of 0.04%<0.071. The Program(Grant No. JSPS-RFTF97P002020m the Japan
carrier-spin interaction manifested itself in the form of criti- Society for the Promotion of Science, and by the Mitsubishi
cal scattering at around ferromagnetic transition temperaturé;oundation.
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