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We have investigated the magnetic and transport propertiés,®n)As thin films grown on gGa,A)Sb
layer. Strong perpendicular magnetic anisotropy is observed fdirdn)As layer, the thickness of which is
less than the critical value required for relaxation of lattice-mismatch-induced strain. The anomalous Hall
coefficient is found to be approximately proportional to the square of resistivity in the low-field region. Large
negative magnetoresistance is found to occur over a magnetic field range significantly wider than that for the
ferromagnetic hysteresis loof50163-18208)04344-4

I. INTRODUCTION issue by investigating the relation between the magnetic an-
isotropy and film thickness. We also make a quantitative

Recent developments in crystal growth of the IIl-V com- ., harison of magnetization data with the Hall and magne-
pound based magnetic semiconductor have offered great Opsregistance data, from which we discuss the mechanism of

portunities to study a variety of interesting phenomena arisghe anomalous Hall effect in this class of diluted magnetic

ing from the interaction of carriers with local spihi€ It has semiconductors with relatively high Mn contentsX0.1).
been established théiin,Mn)As and(Ga,MnAs with a few

percent of Mn exhibit ferromagnetic ordering at low Il. EXPERIMENT
temperature$-® Previous work on a series of

Ing 94Mng ogAS/GaSh heterostructures has revealed that thi%

ferromagnetic order is induced by tiped exchange interac- e
tion between Mn spins and valence-band holes with conce
tration ~2x 10*° cm 3.8 The coupling between the Mn lo-

cal spins and hole carriers also manifests itself in variou% GaSb buffer layer, approximately Qu8n thick was first
spin-dependent magnetotransport phenomena. rown on top of a GaAs buffer layer on a semi-insulating
The use of heterostructures provides additional means aAg100 substrate. AGa,A)Sb layer was then grown at
control the relevant parameters, such as band offset and laigg > ¢ with thickness rantjing from 0.14 to L@. Finally,
tice matching. In this paper, we report on transport and magan (In,Mn)As layer of thickness 9 or 20 nm was grown at
netic properties ofin,Mn)As/(Ga,Al)Sb heterostructure sys- 200°C. Such a low growth temperature was chosen to avoid
tems. The system is isomorphic to InAs/GaSb, which has &n segregation. In this paper, we report the results on three
so-called type-ll band lineup, i.e., the GaSb valence-band topamples listed in Table I.

lies above the InAs conduction-band bottéhiThe lattice Magnetotransport measurements were carried out using a
mismatch is such that a tensile strain is exerted on thd5 T superconducting magnet with a variable temperature
(In,Mn)As layer. It had been recognized earlier that the in-insert and a®He cryostat. A rotating sample holder was used
duced strain significantly influences the magneticto vary the magnetic-field direction with respect to the layer
properties:® In the present work, we shed some light on thisplane. In separate runs, we carried out the transport measure-

Samples studied in this work were grown by molecular-
am epitaxy. The dependence of the physical properties of
(In,Mn)As films on the growth parameters such as substrate
r]t'emperature and Mn concentration has been previously
reportedt~3>¢89The typical growth procedure is as follows.

TABLE I. Parameters of the threeIn,Mn,As/Ga _,Al,Sb samples investigated.is the thickness of
the (In,Mn)As layer. The sheet resistance, hole density, and mobility are determined at 4.2 K.

Sample  x y d(nm) Lattice mismatch%) p (Q/0) p(X10Y° ecm™3)  u,(cn?/Vs)

1 0.18 0.3 20 0.94 1570 1.9 105
2 012 O 9 0.70 1089 5.9 109
3 012 1 9 13 1082 4.5 144
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FIG. 1. Hall  resistance
INg gMnNg.18AS(20 NM)/Gg Al 5AS; (b) Sample
INg ggMNng 1,AS(9 nm)/GaSh; and (c) Sample
Ing ggMNng 1 ,AS(9 nm)/AISDh, in the low-magnetic-field region at 4.2
K showing magnetic hystresis. The magnetic field is applied per
pendicular to the sample plane.
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in (@ Sample 1,
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ments down to 40 mK using a dilution refrigerator. Magne-

tization measurements were done using a commercial

SQUID magnetometer.

Ill. RESULTS AND DISCUSSION

A. Magnetic hysteresis and anisotropy

Figure 1 shows the low-field Hall resistance of the three
samples at 4.2 K under perpendicular magnetic fields. The

Hall resistancepy,, of a magnetic semiconductor can be
expressed phenomenologically as

R
M,

Ro
—B+
B+

. ®

PHal=

whered is the thickness of the magnetic layer. The first term
on the right-hand side is the norm@r ordinary Hall resis-
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FIG. 2. Angular dependence of Hall resistance for the sample 1
[Ing gMnNg 16AS(20 NM)/Gg /Al AS] at 4.2 K. Inset shows a scal-
ing plot that demonstrates that the saturation magnetization is in-
verse proportional to cas

tance is dominated by the anomalous component, and exhib-
its a hysteresis loop reflecting that of the ferromagnetic mag-
netization. The shape of the hysteresis loop in the Hall
resistance quantitatively reproduces that of the magnetization
measured by a SQUID magnetometer. This amounts to hav-
ing a “ built-in” magnetometer in each sample. This feature
is quite advantageous in studying the ultrathin-film samples
for which direct magnetization measurements are difficult.
Itis seen in Fig. 1 that the hysteresis loops of the samples
2 and 3 are squarer in shape than that of 1. This suggests that
the former samples have strong perpendicular magnetic an-
isotropy. The difference in the magnetic anisotropy is high-
lighted in Figs. 2 and 3, which show the dependence of the

hysteresis loop on the angle of the applied magnetic field for
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tance and the second term represents the so-called anomalousr|G. 3. Angular dependence of Hall resistance for the sample 2

(or extraordinary Hall effect, which is proportional to the

[Ing ggMng 1,AS(9 Nnm)/GaSh at 4.2 K. Inset shows a scaling plot

macroscopic magnetizatiai.* In the low-temperature and that demonstrates that the perpendicular field compoBexdsé

low-magnetic-field regime shown in Fig. 1, the Hall resis-

determines the coercivity.
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samples 1 and 2. The field angteis measured from the 0 e

direction normal to the layer plane. In the sampléFig. 2), ..

the magnitude of the saturation magnetization follows agcos oL T=21 K |

dependence while the coercive force is nearly independent of  —~ e

0. The inset shows a replot of the same data to highlight this g/ "

scaling. Note thaM g means the magnetization deduced = 4r -

from the Hall resistance. The detail procedure to evaluate a a

magnetization from transport properties is discussed later. In <

the sample ZFig. 3), on the other hand, the saturation mag- adn () B

netization is nearly independent & while the coercive

force is scaled by 1l/casas demonstrated in the inset. -8 | ——— - ——— - ——
The following picture emerges from these results: In -0.8- -

sample 1, the magnetic anisotropy is relatively weak so that A0k T=20 K _|

the magnetization follows the direction of the applied mag- - '

netic field. Sample 2, by contrast, has such a strong perpen- & -1.2 -

dicular magnetic anisotropy that the magnetization vector is — A4l i} _

always fixed normal to the layer plane, and only the perpen- T ™.

dicular component of the applied magnetic field is effective. <°]- -1.6F ‘m&’ -

The negative slope gf, 5 (B) for larger 6 values reflects the 18k _

gradual tilting of the magnetization vector from the plane ' (b)

normal towards the direction of the applied field with in- 200 T

creasing field strength. 10 100 1000

We attribute the difference in magnetic anisotropy to the Ti
lattice-mismatch-induced strain in the magnetic laykrthe ime (sec.)
::r?se rci)tfi Sa}n\:p:e 1}th9 tthlcdknet_ss Offtr:f |I”nagtr_1et|c Iayet%e):iﬁeds FIG. 4. Temporal relaxation of zero-field Hall resistancgah
e critical value for introduction of dislocations, so that the g, o1 1710 . Mn, 1AS(20 Nm)/Ga-AleSh] at 2.1 K and(b)

lattice-mismatch-induced strain is mostly relaxed. By CON-sample 7 Ing sMng 1 AS (9 nm)/GaShat 20 K, after the magnetic

trast, the magnetic layers in samples 2 and 3 are thinner thaj 4 cycling to 1 T. The quantity py is the deviation from the

the critical thickness, and are highly strained, giving rise 10,5y e right after the sweepdown of the magnetic field. The logarith-
the observed perpendicular magnetic anisotropy. Of sampl&gic time relaxation of magnetization is seen over a wide time span.
2 and 3, the latter has a larger coercive force because of the

larger lattice-mismatch of th@n,Mn)As layer with the AlSb
underlayer than with the GaSb underlayer. Thus, we believeB Temperature dependence of magnetization and mechanism
the lattice-mismatch-induced strain is the principal source of
. . of anomalous Hall effect

the magnetic anisotropy, although other factors such as car-
rier density and dislocation density have to be considered for As mentioned in the previous subsection, the anomalous
guantitative account of the phenomenon. Hall term quantitatively reproduces the shape of the ferro-

The difference in the magnetic anisotropy is also reflectednagnetic hysteresis loop at a given temperature. Here we
in the behavior of nonequilibrium magnetization. Figuf@)4 look into the temperature dependence of the relationship be-
shows the temporal relaxation of the remanent magnetizatiotween the anomalous Hall term and the magnetization. This
(as detected by the Hall resistancef sample 1 atT was brought to our attention by the observation that the low-
=2.1 K. The data were taken at zero field after a field exfield Hall resistance increases steeplylas 0. In the light of
cursion up to 1 T. This logarithmic relaxation phenomenonEd. (1), this temperature dependence should be attributed to
and the relatively narrow and rounded hysteresis Iféig.  that of the coefficienRs. Conventionally, two types of pro-
1(a)] suggest that the Mn moments form ferromagnetic cluscess are invoked for the mechanism responsible for the
ters that act as giant spiAsThe fact that magnetization re- anomalous Hall effect: One is the skew scattering process
laxation can be observed at such low temperatures indicategd the other is the side-jump process. The anomalous Hall
the superparamagnetic character of these giant spins. In othevefficientRg is directly proportional tg in the former case,
words, the weakness of magnetic anisotropy in this samplhile it is proportional tgp? in the latter case. The resistivity
allows relatively free rotation of the giant spins. This sort of p in the present samples is governed by the scattering by the
logarithmic time relaxation is known to occur in a superpara+magnetic impurities. As shown in Table I, the carrier mobil-
magnet with distributed cluster siz&sFigure 4b) shows ity is fairly low, and the estimated mean free path is compa-
similar data for sample 2 af=20 K, which is lower by rable to the average Mn distance.
about 15 K than the Curie temperature. Because this sample Figure 5 shows comparison of the temperature depen-
has much larger magnetic anisotropy, the magnetic relaxdence of magnetization in sample 3 deduced from the
ation cannot be observed at low temperatures. It is only aanomalous Hall effect with that directly measured by the
such high temperatures that the relaxation time scale come$QUID magnetometer. The absolute value of the magnetiza-
into the experimental time window. In the case of sample 3fion obtained from the anomalous Hall effect is scaled to fit
which is most anisotropic, the logarithmic time dependencdo the SQUID data at =25 K. The solid squares represent
of magnetization was observable only at still higher temperathose calculated by assuming the skew scattering mechanism
ture near the ferromagnetic transitioh~35 K). (Rs> p), while the solid circles are those based on the side-
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FIG. 5. Temperature dependence of magnetization at 0.01 T for

sample 3 1ng gdVing 1,As(9 Nnm)/AISH. The open circles show the FIG. 6. Anomalous Hall coefficienRs(= ppai/M (squip) VS
magnetization measured by a SQUID magnetometer. The soligheet resistancep in a log-log plot for sample 3

squares and solid circles represent the magnetization deduced frqrmolgdwno_lzqs(g nm)/AISH. The solid line represents a power-
the Hall resistance, assumiiRs>p (skew scatteringor Rgxp? law relation,Rgx p**,

(side jump, respectively.

Mn spins apparently participate in the low-field ferromag-

netism. The implication of this observation will be discussed
jump mechanism Rsxp?). As seen clearly, the analysis in the next subsection.
based on the assumpti®y> p leads to an unnatural increase
in magnetization at low temperatures, which disagrees with
the SQUID data. On the other hand, the solid circles evalu- ] _
ated by assumingRsxp? show reasonable agreement with Figure 7 shows the_HgII and magnetpresmtance in sample
the SQUID data. The experimental data for the other two3 over a wide magnetic field range at different temperatures.

samples are similar in that they yield an unphysical increasgh‘? (t)ther two shampleshbe?ave _|n|5|m|latr|fasr;_|olr(1js. ThdeIHaII
of magnetization at low temperaturesREe p is assumed, ESISIANC@a SNOWS a NYSIEresIs loop at low Tields and low

while they give a more or less reasonable behavioRdf temperatures as we h"?“"? already seen n F(n_:)._l’he am-
2 plitude of the hysteresis is seen to increase with decreasing
xp® is employed.

Tob tative. Fia. 6 sh lo-| loRaf temperature. This is linked to the unusual behavior repre-
0 be more quantltat|vg, I. 6 shows a log-log ploRyf sented by the solid squaredR,y/p in Fig. 5. Thep(B)
vs p in sample 3. HereRg is evaluated fronpyq /M squip)

- ] : QL curve shows a characteristic overshoot before it tends to a
atB=0.01 T, because the first term in Ed) is negligible  gyraignht line at high magnetic fields. The longitudinal resis-
there. Different points represent data at different temperafancep(B) shows a very large negative magnetoresistance in
tures. The data below about 25 K appear to obey a powethe same field range. The negative magnetoresistance grows
law relation,Rs p*°. Thus, the present results seem to sugrapidly with decreasing temperature. The overshoot of the
gest that the side-jump mechanism plays an important role ip,,,,(B) curve is evidently related to the large negative mag-
the asymmetric scattering process in this class of materials &etoresistance. In fact, if we plpty,;/p? as a function oB,
least in the temperature region below the Curie temperaturthe overshoot becomes much reduced and the resultant curve
(~35 K for sample 3 Deviation from this power-law rela- is closer to theM(B) curve. But even then, the two curves
tion is observed above 25 K. do not completely agree with each other. The agreement can
Generally stated, the side-jump mechanism may gain relebe certainly improved, ip is replaced witho—pg with pg
tive importance over the skew scattering mechanism in aepresenting the scattering rate irrelevant to the anomalous
system with shorter mean free path, i.e., higher Mn concenHall effect. This, however, practically amounts to introduc-
tration. This is because, for the skew scattering to be effecing another fitting parameter, and therefore the resulting bet-
tive, the deflected carrier has to travel a considerable distander fitting may contribute little to physical insight unless the
before it is scattered by another Mn moméhtn fact, the  physical process behind the parameter is clearly specified.
skew scattering seems to be important in a sample with As mentioned in the previous subsection, only about 40%
lower Mn concentratioR. of the total Mn spins appears to participate in the low-field
Returning to Fig. 5, the saturation magnetizationBat ferromagnetic hysteresis loop. The remaining Mn spins re-
=0.01 T extrapolated td=0 K is found to be only about quire much higher field to align. The reason for the existence
40% of the full saturation valud1¢~0.12 T estimated by of the nonferromagnetic Mn spins may be firstly sought in
assumingSy,,=5/2. In other words, only about 40% of the the depletion layer region where the hole density can be

C. High-field behavior and large negative magnetoresistance
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are thought to take random antiferromagnetic configuration.
The observed large negative magnetoresistance is presum-
ably related to gradual alignment of such Mn spins. For
(Ga,MnAs thick films, such gradually saturating magnetiza-
tion component is actually observed by direct magnetization
measurementS. Although such direct magnetization mea-
surements have not been done on these particular samples of
(In,Mn)As, the overall similarity of the magnetotransport be-
havior strongly suggests that the similar picture holds. At
still higher fields, the magnetoresistance turns to positive.
This small positive magnetoresistance at higher fields is at-
tributed to the ordinary classical magnetoresistance due to
the Lorentz force.

Before concluding, a word on the possibility of parallel
conduction is due. Throughout the above discussions, we
have assumed that the conduction is solely carried by the
(In,Mn)As layer. Given the heterostructure of the present
samples, there is some possibility that a conducgirapan-
nel exists on théGa,Al)Sb side of the heterointerface. We
believe, however, that such a parallel conducting channel, if
it exists, plays only a minor role in the present systems. The
valence band offset at the InA&a,Al)Sb interface varies
from AE,~0.48 eV for InAs/GaSb to~0.08 eV for
InAs/AISb* Therefore, the formation of a-type conduc-
tion channel on théGa,Al)Sb side of the interface and its
contribution to the transport are expected to differ widely
among the samples with different alloy composition. On the
other hand, the present three samples have similar resistivity
values as shown in Table I, and their magnetotransport be-
haviors are also similar to one another. This seems to indi-
cate that as far as the present samples are concerned the
conduction is dominated by thén,Mn)As layer, and that the
contribution from the parallel conducting channel is small, if
any. The possibility of contribution from the parallel conduc-
tion channel, however, should be always borne in mind in
this class of systems.

IV. CONCLUSION

We have investigated the magnetic and transport proper-
ties of (In,Mn)As thin-film samples in their ferromagnetic
phases at low temperatures. The Hall resistance is dominated
by the anomalous Hall effect, so that it reflects the behavior
of magnetization. The magnetic anisotropy that is deduced
from the dependence of the hysteresis loop on the field angle
exhibits distinct difference between the thinng=9 nm)
and the thicker §=20 nm) samples. The most plausable
souce of the difference is the lattice-mismatch-induced strain
in the former and its relaxation in the latter. Comparison with
the SQUID data indicates that the anomalous Hall coefficient
is proportional top? rather tharp, suggesting the side-jump

lower than the critical value for the occurrence of carrier-process as the dominant mechanism for the asymmetric scat-
induced ferromagnetism. This accounts for a certain fractiortering of carriers. The ferromagnetically aligned Mn spins
of the nonferromagnetic Mn spins, but not all, because simiform clusters. In the least anisotropic samfg those fer-
lar phenomena are also observed in thick film samplesiomagnetic clusters exhibit superparamagnetic behavior, as
Therefore, at least some part of the nonferromagnetic Mrsuggested by the rounded magnetization curve and long-term
spins do coexist with the ferromagnetic clusters in therelaxation at very low temperatures. A large negative mag-
interior of the(In,Mn)As layer. netoresistance is observed over a field range much wider
The direct exchange between neighboring Mn spins ighan the ferromagnetic hysteresis. Such high-field behavior is
known to be antiferromagnetic. A significant fraction of the correlated with the gradual alignment of Mn spins that do not
Mn spins showing the nonferromagnetic behavior, thereforeparticipate in the low-field ferromagnetic hysteresis.



PRB 59 MAGNETIC AND TRANSPORT PROPERTIES OF THE ... 5831

ACKNOWLEDGMENTS search on Priority Area “Spin Controlled Semiconductor

Nanostructures” from the Ministry of Education, Science,
] Sports and Culture, Japan. One of the authdtdv.) ac-
The authors thank H. Takagi and K. Nozawa of ISSP forknowledges support by the TORAY Science Foundation, the
their help with the SQUID measurements. This work wasTEPCO Research Foundation, and Kanagawa Academy of
partly supported by a Grant-in-Aid for the Scientific Re- Science and Technology.

*Also at CREST, Japan Scicence and Technology Corporation, JalH. Ohno, A. Shen, F. Matsukura, A. Oiwa, A. Endo, S. Katsu-

pan. moto, and Y. lye, Appl. Phys. Let69, 363(1996.
TAlso at PRESTO, Japan Science and Technology Corporation, Ja8H. Munekata, T. Abe, S. Koshihara, A. Oiwa, M. Hirasawa, S.

pan. Katsumoto, Y. lye, L. Urano, and H. Takagi, J. Appl. Phg§&,
1H. Munekata, H. Ohno, S. von Molnar, A. Sedien, L. L. 4862 (1997.

Chang, and L. Esaki, Phys. Rev. Leif3, 1849(1989. 9A. Shen, F. Matsukura, Y. Sugawara, T. Kuroiwa, H. Ohno, A.

2H. Ohno, H. Munekata, T. Penney, S. von Molnar, and L. L. Oiwa, A. Endo, S. Katsumoto, and Y. lye, Appl. Surf. St13-
Chang, Phys. Rev. Let68, 2664 (1992. 114, 183(1999.

SH. Munekata, A. Zaslavsky, P. Fumagalli, and R. J. Gambino,lol_. L. Chang and L. Esaki, Surf. Sc98, 70 (1980.
4 Appl. Phys. L_ett.63, 292_9(1993' . 11C. M. Hurd, The Hall Effect and Its Applicatigredited by C. L.
H. Munekata, inProceedings of 22nd International Conference Chien and C. R. Westgat@lenum, New York, 1980 p. 3.
on Physics of Semiconductors, Vancouver, 1@@ited by D. J. 12| Neel, Ann. Geophys(C.N.R.S) 5’ 99 (1949 ’
Lockwood (World Scientific, Singapore, 1995p. 2517. 13A. Oin; S I%atsumoto.A. Iénéio M Hirasawla Y. Ive. H. Oh
5H. Munekata, Mater. Sci. Eng., BL, 151 (1995. - owa, 5. » A =ndo, M. > - VS, 1. UG,
6H. Ohno, F. Matsukura, H. Munekata, Y. lye, and J Nakahara, in F. Matsukura, A. Shen, and Y. Sugawara, Solid State Commun.
Proceedings of the 22nd International Conference on the Phys;, 103 209(1997.
ics of Semiconductors, Vancouver, 198dited by D. J. Lock- L+ F- Luo, R. Beresford, and W. I. Wang, Appl. Phys. Lé8,
wood (World Scientific, Singapore, 1995p. 2605. 2033(1989, and references therein.



