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Electron paramagnetic resonance of Mn in In_,Mn,As epilayers
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Electron paramagnetic resonance was measured, ipMn,As epilayers with 0.0014 x<0.014, with the
intention of identifying the state of the Mn ion when it enters the InAs lattice. The data were taken at low
temperatures. The observed spectra were attributed to ionized Mn acéeptdr). No neutral Mn acceptor
centers @°+h) were detected.
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. INTRODUCTION configuration is equivalent to the case of2Crin 1I-VI
DMS'’s, and has all the features characteristic of that case,
Recent progress in the preparation of IlI-V compoundsincluding the Jahn-Teller effect and magnetic anisotropy.
containing substitutional Mn ion$ stirred enormous interest The second type of Mn centédenoted here a€2) forms
in the scientific community, inasmuch as it holds significantynen thec1 center traps an electron and binds it tightly to

promise of introducing spin-based effects into Ill-V-basedi,qa § shell. Such a center can be regarded effectively d a
electronics. On the theoretical front, it also refreshed the in-

i t of th ientifi itv §10-d andd-d h configuration, with a ground-state spi of 5/2. Finally,
werest ot tne scientific community §)p-d andd-d Exchange g, thec2 Mn center is negatively charged, it can attract
interactions, which were previously studied extensively in

. . 5 _
so-called diluted magnetic semiconductg®MS’s) based ?nd ((\;Vfaklw ;;Igd a TO|?g fé)rmltngtr?t( +IL) com_plctax(ret_
on 11-VI compounds? erred to as cente).” Due to the exchange interaction

It is clear that the nature of the Mn impurity in the 111-y Petween thed shell (S=5/2) and the bound holej ¢3/2),
lattice holds the key to the physical behavior of IlI-V-basedtne ground state o£3 may have a total angular momentum
alloys containing Mn(Refs. 1 and 4-B(such as, e.g., the Of J=4 (when theSj interaction is ferromagneticor J
ferromagnetic ordering of Mn magnetic moments observed=1 (for antiferromagnetic interactionCentersC1 andC3
for relatively low Mn concentrations In particular, this can be viewed as neutral acceptor ceni&?{d*) and A°
problem is decisive for understanding the exchange interadd®+h), respectively, while cente®2 is an ionized acceptor
tion of the band electrons with the localized magnetic ionsA™.

(i.e., the so-called, p-d exchangg'® as well as the magnetic Experiments on GaP:Mn revealed the existence of both
coupling between the magnetic ions themselte d-d  A°(d*) and A~ centers® In contrast, the presence @°
exchangg'®! The purpose of this paper to use electron(d?) centers was not observed in EPR measurements on
paramagnetic resonan@ePR measurements for identifying GaAs:Mn!® Moreover, the available magnetization data on
the state of the Mn ion in In.,Mn,As alloys (the first such  GaAs:Mn do not match the behavior expected for Mn in the
alloys to be grown by molecular-beam epitaxyhich hold  form of A°(d*) center£%?*?>2°For most GaAs:Mn crys-
significant promise for spintronic applications along theirta|s, on the other hand, ionized acceptor cenferswere

better-known Ga.,MnyAs alloy systems. consistently visible, as shown by EPR spectra with the char-
acteristic  six-line  hyperfine manifold centered at
Il. BACKGROUND: POSSIBLE MN IMPURITY STATES g* =2.00:***We mention here parenthetically that the spec-
IN THE IlIl-V LATTICE trum of Mn in zinc-blende lattices consists of 30 lingsix

hyperfine lines, each split into five fine-structure lines asso-
The manganese impurity in the Ill-V lattice has beenciated with the crystal field of the zinc-blende strucjure

studied for a long timé? "2 The results of those investiga- However, in highly conducting materials the fine-structure
tions can be summarized as follows: There are essentialljnes are frequently not seen, presumably due to the screen-
three types of Mn centers which can exist in the I1I-V lattice. ing of the crystal field by the free carriet$We believe that
The first one(we denote it as cente®l) is formed by sub- in the cases showing the six hyperfine lines in GaAs:Mn the
stitutional manganese Mh, which is in the so-calledi*  fine-structure lines have been similarly screened out by the
configuration, with to the ground state spin 8&2. This  conducting properties of the material.
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TABLE I.
Mn molar Growth temp. Presence of Carrier concentration
Sample contentg (°C) the second phase (e EPR line
R1114 0.00(InAs) 300 no no
R1251 0.0014 200 no n=1.1x10" (4.2 K) yes
R1126 0.014 200 no n=1.1x10'" (4.2 K) yes

In some cases additional lines were also observed foas described elsewheteThe growth temperature ranged
g*=2.77 andg* =5.721° and were interpreted as triplet from 200 to 340°C. We used two different epilayévsth
transitions forAm=1 and 2, whereAm represents the Mn concentrationx=0.0014 and 0.014), along with a ref-
change ofJ,.'® These transitions were ascribed to AR erence InAs/GaAs sample, as listed in Table I.

(d>+h) center with aJ=1 ground state. This model was  The samples were characterized by measuring magnetiza-
corroborated by IR spectroscopy data, which revealed th&on as a function of temperature €2 <300 K) and mag-
presence of an acceptor level at about 0.113 eV above the topetic field(up to 6 T). The magnetic moment of each sample,
of the valence bantf Recently the spectrum of this acceptor measured by a superconducting quantum interference device
was thoroughly studied in the presence of uniaxial stress anchagnetometer, was corrected for the diamagnetic contribu-
magnetic field*?>31The results give strong support for the tion of the substrate. This contribution was evaluated from
A% (d®+h) impurity center concept. Also the magnetic datathe high temperature extrapolation of the substrate InAs/
of GaAs:Mn could be successfully described, taking into acGaAs magnetization measured in the temperature range 10—
countA° (d°+h) and A~ centers®?® The lack of A°(d*) 300 K. At low temperaturegbelow 10-15 K, depending on
centers was recently explained by configuration clusterthe Mn concentration In, _,Mn,As is in general expected to
model calculations, which showed that for GaAs the grouncdbe ferromagnetié, while at higher temperatures T(
state of a neutral acceptor is dominated by tl€+h) >10-15) In_,Mn,As should reveal paramagnetic behavior.
configuratior?? It therefore seems rather well establishedIn particular, the magnetization of the paramagnetic phase
that for bulk GaAs the manganese impurity occurs either as ahould decay with temperature roughly a$.1/

neutral @>+h) or as an ionizedd®) acceptor center. lon- Electron paramagnetic resonance was measured with the
ization of A? (d°+h) then gives rise tg-type conductivity — use of a standard EPR spectrometer operating at 9.5 GHz and
of this material. in the temperature range from 5 to 300 K. The samples were

However, the situation for Ga,Mn,As grown by mo- attached to a quartz sample holder by teflon tape. In some
lecular beam epitaxy appears to be different. For epilayersases there was an additional absorption from the holder, but
with low Mn contentx<0.01(which one could expect to be this contribution could be easily distinguished from the EPR
rather similar to the bulk Mn-doped samplesly one single  absorption of the sample by measuring the holder without
line is visible forg* =2.033 This line may be viewed as a In;_,Mn,As. The magnetic field was calibrated in each mea-
broadened\™ multiplet, since it occurs at the same magneticsurement using an AD;:Cr marker.
field as the signal already identified AS in bulk GaAs:Mn. For each sample, EPR was measured at a series of tem-
The collapse of the EPR multiplet of tli® center with in-  peraturegfrom 6 to 300 K. The two In_,Mn,As epilayers
creasing Mn concentration into a single line is well knownrevealed clear and pronounced EPR absorption lines, and no
for 11-VI Mn-based DMS's3 EPR lines were visible for background InAs sample

The important result of this work is the absence of EPR(R1114).
absorption forg* =2.7, indicating the absence Af centers
in the epilayers? A possible reason for this is the high con-
centration of free holes in the epilay&r® which screen the IV. RESULTS AND DISCUSSION
Coulomb potential of theA™ center and reduce the hole £, e epilayer with the lowest Mn concentration

binding energy. The holes can then easily ionize, Ieavian1251)’ a single EPR line was observed with théactor
only theA™ centers. ~around 2.015 = 3.3 kG), as illustrated by Fig. 1. The weak
In contrast to Ga_yMn,As, for In,_,Mn,As, there exist  jine seen in the figure at about 2.8 kG was identified as

no comprehensive data that would enable us to establish thegting from the quartz sample holder. We ascribe the ob-
nature of the Mn impurity in that systefi-*°The purpose of served line at 3.3 kG to th&~ center C2), described in

the present paper is to present EPR data which strongly sugec | The identification is based on the following argu-
gest that Mn ions in InAs occur predominantly &S Cen-  ments: (i) Since in earlier studiea~ was easily visible both
ters. for bulk GaAs:Mn and for Ga.,Mn,As epilayers’*® we
expect that this should be also the case for InMnAs epilayers.
IIl. EXPERIMENT (i) Mn is the dominant impurity in I Mn,As and thus'
should dominate the EPR absorption, while the possible
The In,_,Mn,As epilayers studied in this paper were other impurities should contribute much less to EPR absorp-
grown by MBE on (100) GaAs substrates on an InAs buffer tion, as is evident from the absence of EPR in our reference
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FIG. 1. EPR spectrum of in,Mn,As epilayers with x
=0.0014 R1251) andx=0.014 (R1126) taken at 6 K. The theo-
retical positions oA~ andA° lines are marked by arrows. The line
at about 2.8 kG results from the quartz sample holder. The sharp
lines at 1.9 and 5.4 kG are magnetic-field markers gfjLCr. It
is clear that the EPR signal from the epilayer originates only from
the A~ center.

M (emu/cms)

0 100 200

InAs/GaAs sample(iii) The effectiveg factor of the ob-
served line agrees well with the center of the multiplet
structure observed for GaAs:Mn. We believe that the col- F|G. 2. Magnetization of In_,Mn,As (R1251) as a function of
lapse of the EPR multiplet into a single line results fromtemperature measured bt=1 kG for a sample withx=0.0014
exchange narrowing of the multi line structure due to(R1251)(a) and atH=10 kG for a sample witlx=0.014 R1126)
Mn-Mn interaction, which is apparently already signifiant (b). The contribution from the substrate is subtracted. The solid line
even at this Mn concentration. As mentioned above, collapseorresponds to the Brillouin function fit wits=5/2, yielding x
is well known for I1-VI Mn-based DMS'S* and was also  =0.00110.0003(a) andx=0.011+0.003(b). No contribution of
observed for Ga.,Mn,As.!° The A~ line for R1251 shows the second phase MnAs is visible.
practically no anisotropy as the magnetic field is rotated from
the in-plane directioriwe denote it as 0° configuratipto a R1126
direction perpendicular to the epilayer (90° configuration
The sample reveals paramagnetic behavior throughout the
experimental temperature range i.e., its magnetization de-
creases with increasing temperatybcoming vanishingly
small at room temperature, Fig).2

For the epilayer with the higher Mn content the single line
of the A~ center becomes more pronounded seen from
the improved signal-to-noise ratio in Fig). 1t is an interest-
ing consequence of the increased Mn concentration that the
resonance also becomes slightly anisotropic with rotation of
magnetic fieldin Fig. 3, where we note a shift of about 12 G
between the paralldl0°) andperpendicular (90°) configu-
rationg. We interpret this anisotropy as resulting from the
demagnetizing fields which is unavoidably present for finite
geometries(such as thin layejsin systems with a pro- ; ; ; ;
nounced magnetization. Such anisotropy can be formulated 2000 3000 4000 5000
us!ng the formalism developed for ferromagnetic resonance Magnetic field (G)
(with crystalline anisotropy neglectgtf where the effects of
such demagnetizing fields are invariably present and must be FIG. 3. EPR spectrum of jn,Mn,As with x=0.014 (R1126)

90 deg 6.14 K

——— 0Odeg 6.14K

EPR signal

explicitly taken into account, at 6.1 K for a magnetic field parall¢D°) andperpendicular (90°)
to the epilayer plane. The sharp lines at 1.9 and 5.4 kG are
wo=y(Hgpe—47M), vy=quglh, (1)  magnetic-field markers of AD;:Cr.
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In,_,Mn,As epilayers. We note that the observed behavior

wo=Y[Hoo(Ho:-+4mM)]*2, 2
for 90° and 0° configurations, respectively. With these equa9f Iny - Mn,As is very similar to that of Ga.,Mn,As epil-

_ . Y0
tions one can estimate both tlgefactor and the average %?rdsét\évchtgraeg onlyA™ centers were visible, whilé\™ were
(local) magnetizatiorM of the In, _,Mn,As epilayer. In the '

case of sampl®1126 one then obtairg=2.008+ 0.004 and

M (H=3.3kGT=6K)=0.90-0.3emu/crd (47M=11.3 V. CONCLUSIONS

G). The magnetization of this epilayer measured at the same The data obtained for In,Mn,As epilayers suggest that
temperature and magnetic fiel®.3 kG is 0.9 emu/cr, the dominant Mn impurity in Ip_,Mn,As is M2 (d®),
which is in rather good agreement with the value estimategiascriped as ionized acceptar . This conclusion was de-
from EPR. We note, however, that such agreement is prolyjyeqd from EPR experiments, which revealed a strong ab-
ably somewhat fortuitous, since the value of the measuredoption line with an effective factor very close to 2.00, the
magnegzauor(per unit _volume relies critically on th_e ep|I—_ value typical for ionized Mn acceptdy. As the Mn conen-
ayer thickness. The difference between the nominal thickyation increases this line begins to show the presence of
ness, which we used to evaluatk and the real thickness is  apjsotropy arising from the magnetization of the epilayer. On
currently the source of large uncertainties in the measureghg other hand, no structures typical for neutral Mn acceptor
magnetization. These uncertainties notwithstanding, we Cong0 \yere visible, which suggests thaf centers are absent in

sider both theg factor and the magnetization to be in réason-the epilayers under investigation. The observed behavior is
able agreement with expectations for the center of Mif . similar to that of Ga_,Mn,As epilayers.

It is important to note that for both Jn,Mn,As samples
only one distinct EPR lingattributed toA~ Mn centej was
observed(neglecting the absorption of the sample holder
mentioned abowe In particular, no lines are observed  This work was supported by NEDO under the project
around the field corresponding tp=2.7 (H=2.5 kG and  “Magnetic International.” Partial support was provided by
g=5 to 6 (H=1.3 to 1.1 kG, which could be ascribed to The State Committee of Scientific Resea(Bbland, in par-

A%, Since in bulk GaAs:Mn crystals th&° center had been ticular under Grant No. 2 P03B 110 16. One of (JsS)
observed by authorS,the present result can be viewed as anacknowledges support from The Foundation for Polish Sci-
evidence that theA® centers are practically absent in the ence(FNP).
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