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Ultrahigh-field hole cyclotron resonance absorption in In_,Mn,As films
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We have carried out an ultrahigh-field cyclotron resong@®) study ofp-type In,_,Mn,As films, with Mn
compositionx ranging from 0 to 2.5%, grown on GaAs by low-temperature molecular-beam epitaxy. Pulsed
magnetic fields up to 500 T were used to make cyclotron resonance observable in these low-mobility samples.
Clear CR spectra have been observed for all the samples at high fields in the megagauss range and even at
room temperature. It was found that the observed cyclotron masses are not significantly dependent on the Mn
concentration, indicating a large number of itinerant, effective-metype holes rather thatilike holes exist.

It further suggests that the d exchange mechanism is more favorable than the double exchange mechanism in
this narrow gap InAs-based dilute magnetic semiconductor. In addition to the fundamental heavy-hole and
light-hole cyclotron resonance absorption appearing near the high-magnetic-field quantum limit, we observed
many inter-Landau-level absorption bands whose transition probabilities are strongly dependent on the sense of
circular polarization of the incident light. It has been found that the detailed theoretical calculation in terms of
the effective mass theory explains the most of the CR spectra quantitatively, including the polarization

dependence.
DOI: 10.1103/PhysRevB.70.195211 PACS nuni®er75.50.Pp, 76.46:b, 71.18+y, 07.55.Db
I. INTRODUCTION another model in which the character of the carrier is not

The successful growth of Mn-based III-V diluted PUrép- ord-hole. o .
magnetic semiconductoryDMSs) by low-temperature The Zener model, which is the limiting case of the RKKY
molecular-beam epitaty? has opened up new device possi- model for small carrier concentrations, is one of the possible
bilities to make the simultaneous use of magnetic and semm?Cha”'iméam rt]h'ls caste,trl]f thFEd St"’.‘t? IS clje;]ep enolugh in the
conducting properties. Although there exist different types of/ ﬁaerg((::?er zir;]c’e tﬁ:?ar?[i—boen diﬁéngta?g?orrr?;g Smlﬁsf
ﬁgﬁ%ﬁg;ﬁe?;ﬂe:i E[%:s)(glzg]r;:;rﬂsgoﬁscg gog'ccgnrﬁg?:r?;r_n Obridization is almosp-like and we can classify the system as

; . charge transfer insulatbrHowever, there can be a case
sive picture has not been completed yet. Only an accept here thed-state is shallow and the holes have padijjke

fact at the_pres_ent is _that the ferromagnetic interaction bezpa acter due to the stromgd hybridization. When the itin-
tween Mn ions is mediated by holes. o _erant holes are-like, the reality is closer to the DE mod#!.
There are two limiting cases for the possible interactionTherefore, investigating the degree of localization of holes is
mechanisms: the Ruderman-Kittel-Kasuya-Yos{@®KKY)  very important in clarifying the physical picture of the
type interactioh and the double exchangéDE) type carrier-induced ferromagnetism.
interactiont® However, neither of them is likely to provide a Since cyclotron resonand€R) directly provides the ef-
complete explanation. The RKKY interaction is inconsistentfective masses and scattering times of carriers, we can obtain
with the fact that the estimated magnitude of the exchangéetailed information on the itinerancy of the carriers. In dc
interaction constant exceeds the Fermi energy as well as theansport measurements it is normally difficult to deduce the
fact that ferromagnetism occurs even in the insulating phaseontributions of the mass and scattering time independently.
On the other hand, the DE mechanism has the problem th&tence, CR on llI-V ferromagnetic semiconductors is one of
the valence states of most of the Mn ions are found to béhe most intriguing and urgently required experiments. How-
d°(S=5/2); there has been no strong evidence that theever, since the mobilities of I1I-V ferromagnetic semiconduc-
d-holes which contribute to the DE interaction exist. There-tors are lowm(<100 cn?/V s), it is extremely difficult or im-
fore, the real interaction mechanism may be described bpossible to observe CR in the magnetic field range of a
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conventional superconducting magret20 T). TABLE I. Characteristics of the n,Mn,As samples used in the
Recently, we reported results of an ultrahigh-field present work. All samples aredm thick. Thex=0 sample(InAs)

(<100 T) CR study ofelectronsin In;_,MnAs films1920 is Be-doped.

We described the dependence of cyclotron masg, aang-

ing from O to 12%. We observed that the electron CR peak Buffer Np IS P Te (K)

shifts to a lower field with increasing. Mid-infrared inter- (10¥cn?®)  (cm?/V's)  (mQ cm)

band absorption spectroscopy revealed no signifigaié-

pendence of the band gap. A detailed comparison of experi- o 0.5 200 -

mental results with calculations based on a modified-001° - 11 9 6.6 -

Pidgeon-Brown model allowed us to estimate thd and  0-003 — 2.30 56 4.9 <4

p-d exchange constantg and 8 to be 0.5 and -1.0 eV, re- 0.0045 — 2.3 56 4.8 <4

spectively. 0.006 — 1.8 64 5.3 <4
In this paper we report the first observationhaie CR in .02 — 0.39 26 62 ~4

p-type I ,Mn,As films using even higher magnetic fields g go5 INA& -1 <10

(<500 T). A comprehensive analysis of the CR, including
the Mn concentration dependence, temperature dependenéghickness is 190 nm.
photon energy dependence, has been made. It clearly reveals
that there are a large number of itinerant holes in InMnAsred lasers as radiation sources. The wavelength range of the
and they behave like effective mass carriers rather tharadiation was 28 to 3.3&m, corresponding to a photon en-
d-like holes or holes tightly bound to the acceptor atoms.ergy range of 44 to 366 meV. The use of the high magnetic
This suggests that Zenersd exchange interactidris more  fields required these unusually high photon energies for CR.
favorable as the ferromagnetic interaction mechanism tham addition, the photon energy had to be higher than the
the DE interaction in InAs-based magnetic semiconductorsplasma frequency; the samples were heavily doped and the
The observation of CR is also consistent with the Drudeplasma frequency was estimated to be30 meV and
like behavior observed in the optical conductivity of InMnAs ~60 meV for the light holes and heavy holes using effective
thin films reported recent* We also found that the ob- masses of 0.026, and 0.3%n,, respectively, and a concen-
served CR mass is not very different from that of holes intration of 1x 10'° cm 3.
InAs. We deduced the CR mobilities of several samples with  We measured sip-InMnAs samples with various Mn
different Mn concentrations from CR spectra at differentconcentrationgx=0.0015, 0.003, 0.0045, 0.006, 0.02, and
photon energies and compared them with the values obtaine€dl025 and a Be-dopeg-type InAs sample that was grown
by dc transport measurements. by a molecular beam epitax¢yMBE) with a conventional
Finally, we performed detailed theoretical calculationsgrowth condition. The InMnAs samples were grown by low-
within the effective mass formalism using a modified Pid-temperature MBE. Mn ions introduce a number of holes as
geon and Brown modéf.?> We found that theoretical CR dopants in INMnAS. The characteristics of the samples are
absorption spectra obtained by the simulations reproducghown in Table |. The hole concentratiop, the mobility w,
very well the complicated CR spectra at very high fields. and the resistivityp shown were obtained by dc transport
measurements at room temperature. The dimensions of the
sample for the megagauss CR experiment were about
2x 2 mm? with ~1 um thickness. The thickness of the sub-
Since the mobility of a ferromagnetic 111-V semiconductor strate(semi-insulating GaAswas 0.5 mm. The temperature
is generally low(less than 100 cAtV s), using ultrahigh- was controlled from room temperature to 10 K using a
magnetic fields exceeding 100(Mmegagauss fie)ds essen- liquid-helium flow cryostat made of plastic.
tial for the present study in order to satisfy the CR condition
w.7>1, wherew, is the cyclotron frequency and is the
scattering timé?22 Two kinds of pulsed magnets are used IIl. EXPERIMENTAL RESULTS AND THEORETICAL
for field generation: the single turn coil technigfi€& and the ANALYSES
electromagnetic flux compression metH8d® The single-
turn coil method can generate 200 T without any sample
damage and thus we can repeat measurements on the samelypical room-temperature magneto-transmission spectra
sample under the same experimental conditions. For highet 5.53um (Aw=0.224 eVf and 10.6um (fAw=0.117 eV
field experiments we use the electromagnetic flux compresfor different Mn concentrations are shown in Fig. 1. Quarter-
sion method that can generate fields up to 600 T. This is avave plates were used to create a hole-active circularly po-
totally destructive method and we lose the sample as well aarized beam. For all samples, a broad absorption peak was
the magnet in each shot. The maximum energy stored iobserved at 80-100 T for 5.58m and at ~40 T for
capacitor banks is 200 kJ for the single-turn coil method and.0.6 um. Based on our detailed theoretical analys®s be
5 MJ for the electromagnetic flux compression method.  discussed latgr we attribute this peak to heavy-holelH)
CR experiments were carried out by measuring the trans€R. We observe another absorption band~dt50 T with
mission of midinfrared radiation through the sample as a0.6 um radiation, and attribute it to light-hold.H) CR.
function of the magnetic field. We use several types of infra-The cyclotron masses and cyclotron mobilites of HH were

Il. EXPERIMENTAL PROCEDURE

A. Mn concentration dependence
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the Mn concentration. It may suggest that some other effects
such as strain and disorder are playing a role in determining
the masses. Actually, as shown later, our detailed Landau-
level calculation at the high fields suggests that the HH band
edge mass in In,Mn,As is nearly the same with the HH
band edge mass in InAs.

The cyclotron mobilities in Fig. @) are larger than those
obtained by dc transport measurements even in the nonmag-
netic (x=0) sample. This is partly because the HH cyclotron
masses in this high-field range are an order of magnitude
smaller than the classical value, as we pointed out above.
Another possible origin of the discrepancy is the reduction of
magnetic scattering at high fields, i.e., the randomness of Mn
spins decreases at strong magnetic fields even at room tem-
perature. This is consistent with the fact that the relative
increase of the mobility compared to the dc value is larger
for the magnetic samples than the nonmagnetic sample
(InAs). However, the fact that cyclotron mobilities measured
at 10.6um (resonance fields-40 T) are larger than those
measured at 5.5@m (resonance field~80—100 T) is not
explainable by this picture. Since at room temperature the
magnetization is not saturated even at 100 T, the randomness

FIG. 1. Room-temperature cyclotron resonance spectra foPf Mn spins should be smaller for higher fie’isAlthough
In._,Mn,As with various x taken with hole-active circularly-
polarized 5.53 and 10.6m radiation.

we take into account the mass increase due to the band non-
parabolicity, the scattering time) deduced from the cyclo-
tron massmcgr) and the cyclotron mobility " =er/mqg) is

deduced from the peak positions and widths, respectivelffound to be smaller at 5.58m than that at 10.6im. More-
and plotted in Fig. 2. Only the transition between Landauover, the cyclotron mobility is not dependent on the tempera-
levels with small indicegquantum numbejscontributes to
the CR, even at room temperature, due to the large cyclotroeffects on scattering processes are suppressed at lower fields
energy at high fields in the megagauss range. Thus, the olhan the field range where we observed CR.
tained masses are significantly smaller than the band edge Now we imagine that the inhomogeneity due to the strain
HH mass(0.35m,) due to the well-known quantum effect in or the disorder in the sample make the CR linewidth larger.
high-magnetic fields.
As shown in Fig. 2a), the HH cyclotron mass tends to slightly different CR masses. Hence, the CR line width as
decrease withx up to x=0.02 when measured at 5.p3n.
However, the HH mass for the=0.025 sample apparently (wavelength of the lightdue to the distribution of the CR
deviates from this tendency. In addition, the HH mass obimasses. This may also be the origin of the discrepancy of the
tained at 10.6um does not show any obvious dependence orx dependence of the CR mass between 10.6 and o153

ture, as we show later. Hence, it is expected that magnetic

In this case we observe the CR from the several regions with

well as the line form may depend on the magnetic field
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FIG. 4. Temperature dependence of cyclotron mobilities of
avy hole CR at 10.@am for In;_, Mn,As (x=0,0.006,0.025 The
dashed curve is a guide for the eyes for the InAs data.

FIG. 3. Temperature-dependent cyclotron resonance traces f%r
In._,Mn,As with (a) x=0.006 and(b) x=0.025. A new absorption €
band, labeledv, appears at low temperatures.

ues of the magnetic field. Hence, it is suggested that the

electronic structure in n,Mn,As is not strongly modified
CR spectra for th&=0.006 andk=0.025 samples at vari- from that in InAs. Actually, our Landau-level calculation us-

ous temperatures are shown in Figéa)3and 3b), respec- ing the Luttinger parameters for InAs can reproduce very

tively. The HH CR peak position is found to be rather insen-well the CR absorption curves as shown la{&ee Fig. 10,

sitive to the temperature in both samples, suggesting that arigiter)

effect of temperature-dependent exchange splitting of the Although the present experiments are only Tor T, re-

Landau levels is small. This is because the Mn concentrationent experiments in InM-nAs/GaSb heterostructure samples

is small and the relative energy of the exchange splitting tdoelow the ferromagnetic transition temperattireave con-

the cyclotron energy is small in the megagauss range. Alsdirmed the existence of delocalized holes in the ferromag-

we find that the cyclotron mobility shows no significant netic InMnAs DMS system.

change for both samples. This should be contrasted to the

cyclotron mobility of InAs, which increases with decreasing C. Photon energy dependence

temperature, as shown in Fig. 4. It is likely that impurity . . .

scattering is more significant in InMnAs than InAs and the I:_lgure 6 summarizes the observgd _hole-actlve _CR peak
effect of suppression of magnetic scattering at low temperaF—)OSItlonS as a function of the magnetic field. The solid curves
ture which is expected for INMnAs. is not large enouah to beshow the calculated inter-Landau-level transitions for bulk
observed P ’ 9 g InAs based on an 8-band Pidgeon-Brown mddép.28.30.31

It should be noted that a new broad absorption band a The details of the calculations in terms of the effective mass

: theory is described in the next section. Although the effective
pears at fow temPe"rature and low fields below 20 T for bOthmass theory could break down at such high fields since the

samples, labeled ") in Fig. 3. One of the possible origins magnetic length becomes12 A at 450 T, which is not 100

of this band is impurity shifted CR absorption. If this is the arge compared to the lattice constant, we see that most of
case, it could be closely related to the Mn impurity band an he CR transitions at fields up to 200 T are explained well.

useful for clarifying the picture of ferromagnetism. However, . . S
our CR experiments at higher photon energe=e, e.g., the \S/\éect?(l)?]CUSS the CR observed-a#50 T in detail in the next

trace for 3.39um and 14 K in Fig. % and theoretical calcu-
lations indicate that this is not the case.

As we described previousH};?°the width of the low field
tail results from higher order Landau levels being populated We have performed detailed calculations of the valence-
and thus it depends on the free hole concentration. In addband Landau levels within an 8-bamdp, Pidgeon-Brown
tion, the sharpness of the low field cutoff is seen to depen@nodef???3Cincluding sp-d coupling to the Mn ions to un-
on temperature and can be attributed to the sharpness of tiderstand the observed CR. The Landau levels and the pos-
Fermi distribution at low temperatures. The results show thasible inter-Landau-level transitions are complicated at high
the cyclotron resonance for the InMnAs case is made up dfields due to wave function mixing.
one strong heavy-hole transition together with background Figure 7 shows the calculated Landau levels afitipmint
absorption due to higher populated Landau levels at low val(k=0) as a function of magnetic field for=0 at 20 K. The

B. Temperature dependence

D. Landau-level calculation
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FIG. 5. Cyclotron resonance in{gMn,As (x=0.006 at multi- Mag M
megagauss fields. Only the HH CR is observed at 88and FIG. 7. Calculated Landau levels of the valence band afithe
14 K. The absorption band observed at low fields and Iow temperapoim and CR absorption as functions of the magnetic fieldxfor
tures for the wavelength of 5.58m (the band labeledy) is not - at 20 K. The Fermi energy corresponding to the hole concentra-

observed. The absorption band observed at high field over 300 T fa{gn 1x 10! cmi™3 is also shown as the dashed line. The lower
10.6 um ends at around 450 T due to the destruction of the ﬂuxpanel shows the CR spectrum which corresponds to the inter-
compression method. However, we obtained nearly the same CRangau-level transitions shown in the upper panel.
spectrum in InAgnot shown by another experiment. Hence, it is
suggested that the absorption around the 450 T shown in the figui@volving Mn doping. In this case, the exchange constants
is not an artifact but the CR absorption. we used for the electron-Mn interacti¢a) and hole-Mn ion

, _ _ (B) were 0.5 eV and —-1.0 eV, respectivéy.
Fermi energy corresponding to a hole concentratiompf " sllowed optical transitions foh-active polarization and a
:1>€ 1?.1 cm™ is also kl]ndlcate.d in the flguredashhedl lm% laser energy of 0.117 eV, or wavelength of 1@ (the top
In the figure, we use the nptat@n,m)_to denote the levels. ,rve in Fig. 5 are shown. An analysis of the wave functions
n corresponds to the manifold indér=-1,0,1,..) andm ¢4 the first transition~50 T) show that this corresponds to
denotes the state within the manifelep to 8 states for mani- -5 yangition between the lowest and the second lowest spin
fo_lds n=2 and_ hlgh_e)". This notation Is basically the SAME 4own HH Landau levelgi.e., the dominant components of
with tf(wje_ n(ga;“(?ln.g“t’ﬁn b%. Tld%GOE ar]%quro%rand dis- the wave functions are HH spin doywrThe next transition
cussed In detail in the articie by ROSSufor narrow gap (=150 T) occurs between the lowest and the second lowest

”'\Cvg'luustgg ;T:r?gaert:jc I_sli?rlmcc()arr]duacrtaor:]séters for InAs and tool%pin down LH Landau levels. We thus label the experimental
gerp dips in the transmissiopeaks in the absorptigrHH and

into account thesp-d exchange interactions for calculations LH, respectively, in Figs. 5 and 7. We note that for low fields

04 T T T T T below 50 T, Fig. 7 shows absorption, though not any peak
o InAs structure. This corresponds to transitions from the many
o3l HH o xzooms ] higher order Landau levels which lie below the Fermi energy
< v x=0025 at low magnetic fields. A similar feature is seen in the ex-
2 perimental data of Fig. 5.
& 02 LH 1 At very high fields(>300 T) the experimental data shows
2 additional CR absorptio(cf. Fig. 5. This is also seen in the
w 01l oo calculated CR absorption in Fig. 7. Our calculations show
that this feature arises from multiple transitions, one being
LH spin up like and the other being HH spin up like. While
0 ™" 500 300 400 500 it appears that th€2,6) HH like transition lies below the
Magnetic Field (T) Fermi level, the dominant part of this transition does not

occur atk=0. Figure 8 shows thE vsk plot for T=20 K and

FIG. 6. Summary of the observed hole-active cyclotron resoB=350 T. As can be seen, the maximum of {2¢6) band
nance peak positions for four samples with different Mn contentsoccurs away fronk=0, and thek=0 point is not occupied at
The solid curves are calculations based on an 8-band effective massdensity ofp=1x 10*° cmi 3. Our calculations show that the

model for bulk InAs. optical matrix element for thd2,6)—(3,6) transition is

195211-5



MATSUDA et al. PHYSICAL REVIEW B 70, 195211(2004
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FIG. 8. Calculated energl versus wavevectdk (in the mag-

netic field direction for B=350 T. FIG. 10. Calculated CR spectra which can be directly compared

to the experimental results shown in Fig. 9.
strongest at the maximum point away frdm0 and that for

higher carrier densities, the CR absorption broadens tgand parameters from the spectra. To understand details of
higher fields. This can qualitatively explain the discrepancythe CR spectra, we have simulated the CR spectra using the
between the calculated CR positi¢r-350 T) and the ob-  Fermi's golden rule and the calculated Landau levels.
served one(~450 T). However, a further investigation is  Figure 10 shows the result of the simulation and can be
required to evaluate the effect of the breaking down ofdirectly compared to Fig. 9. We see that the theory not only
the effective mass approximation in this high field rangeexplains the CR peak positions but also the relative absorp-

(>300 7). tion intensity very well for both samplegx=0 and x
=0.006. This fact suggests that the theoretical treatment,
E. Electron-active hole cyclotron resonance taken in this work, i.e., the effective mass theory and mean-

field approximation, is adequate for describing the electronic
structure of the InAs-based DMS and the difference of the
electronic structure between InAs and InMnAs is not very
)I/arge when the Mn concentration is as small as 1%.

Hole CR can be observed not only with hole-active circu-
lar polarized radiation but also with electron-active circularly
polarization due to the complex Landau-level formafibn.
Reversing the order of the Landau-level index in the energ
diagram for some Landau levels allows+1— N type ab-
sorption transition that is active for the opposite circular po- IV. CONCLUSIONS
larization (electron-active circular polarizatiprio the hole
CR transition(N— N+ 1), whereN denotes the Landau level ~ Ultrahigh-magnetic-field cyclotron resonance [rtype
index. In;_,Mn,As (x=0-0.029 has been studied in the wide range

In Fig. 9 electron active spectra are represented by reverf temperatur¢10—-300 K and magnetic field$0—500 T).
ing the sign of the magnetic field. Although the spectra lookThe deduced CR mass is not signnificantly dependent on the
complicated, we can obtain rich information on the valenceMn concentration. This suggests that there exist a large num-

ber of ininerant holes whose envelope wave function is
—— p-type and thep-d hybridization effect is not significant for

| sawm h—)::ive | the character of the holes at the Fermi level.
g _15>\/=—\ ek} Our detailed theoretical treatment using the effective mass
g W theory within a mean-field approximation for the polarization
2 ',z\/\,- o | of the Mn ions successfully reproduced the complicated CR
3t WA spectra. This fact strongly suggests that the mean-field ap-
5 L. | proximation is adequate for the narrow gap InMnAs DMS
2 \_, B s and the band edge effective mass that is given by the band
E i i structure is nearly the same with that in In@s35m, for the
E oA N\ A heavy holes at the band edgélence, we believe that the
K =0 | ferromagnetic transition can be understood in terms of Zen-
450100 50 0 50 100 150 er's p—d_exchange interaction rather than the double ex-
Magnetic Field (T) change interaction.

We note, however, that hole CR hagst been observed in
FIG. 9. Cyclotron resonance in {aMn,As ( x=0, 0.00§ at  ferromagnetic GaMnAs even in the megagauss réhge.
10.6 um (the upper part of the figuyeand at 5.53um (the lower ~ Moreover, it has been reported that the optical conductivity
part of the figurg The right hand side of the figure corresponds to SPeCtrum shows non-Drude type behavior in GaMHA®
the results using the hole active circularly polarization of the radiawhile it clearly shows Drude type conductivity in INnMnA&S.
tion and the left hand side of the figure shows the results using th¥ is also worth noting that very recently a ST{dcanning
electron active circularly polarization. tunneling microscopystudy revealed thel-wave envelope

195211-6



ULTRAHIGH-FIELD HOLE CYCLOTRON RESONANCE. PHYSICAL REVIEW B 70, 195211(2004

function in the acceptor state in GaMnASThese facts sug- one of the most powerful methods to clarify the nature of

gest that the hole character may be different in InMnAs andtarriers in the ferromagnetic semiconductors. It would be

GaMnAs. According to the recent report on ZnCrPPé?fer- intriguing to perform CR experiments in a material with a

romagnetism can take place even if the conductive hole corimoderate degree of localization between InMnAs and

centration is extremely low~10'® cm3). Therefore, it is GaMnAs.

likely that the ferromagnetic transition mechanism is mate-

rial dependent and strongly depends on the electronic states

at the Fermi energy. We can imagine that thieoles partici-

pate in the ferromagnetic transition mechanism in ZnCrTe This work was supported by the NEDO International Joint
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