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Spectroscopic determination of hole density in the ferromagnetic
semiconductor Gg_,Mn,As
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A measurement of the hole density in the ferromagnetic semiconduciar, e, As is notoriously difficult
using standard transport techniques due to the dominance of the anomalous Hall effect. Here we report a
spectroscopic measurement of the hole density in foyr @an,As samples X=0, 0.038, 0.061, and 0.083
at room temperature using a Raman-scattering intensity analysis of the coupled plasmon—LO-phonon mode
and the unscreened LO phonon. The unscreened LO-phonon frequency linearly decreases as the Mn concen-
tration increases up to 8.3%. The hole density determined from the Raman scattering shows a monotonic
increase with increasing for x<0.083, exhibiting a direct correlation to the observied The optical tech-
nigue reported here provides an unambiguous means of determining the hole density in this important class of
“spintronic” semiconductor materials.
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Current interest in the development of a semiconductotroscopic technique provides a reliable method for determin-
“spintronics” technology provides a strong motivation for ing the hole density in ferromagnetic semiconductors over a
fundamental studies of diluted magnetic semiconductordroad range of sample conductivity, ranging from insulating
(DMS's).2~* These are semiconductors that incorporate magto highly metallic.
netic ions such as M within the crystal lattice. Paramag- For n-type GaAs, the coupling between the LO phonon
netic (and antiferromagnetidMS’s have traditionally been and electron plasmon results in two Raman-active coupled
realized by incorporating isovalent transition-metal ions intoplasmon—LO-phonon modés” andL ~. For a high electron
II-VI semiconductors such as CdTe and ZrfSeThe rela-  density,L ™ shows a rapid blueshift with increasing electron
tively recent discovery of 1ll-V semiconductor-based ferro- concentration, providing an accurate calibration for the elec-
magnetic DMS’s with Curie temperature3§ as high as tron concentration, whereds™ remains almost stationary
110 K has now raised interesting fundamental issues regaraiear the GaAs TO frequency. On the other hand, only one
ing the origin of ferromagnetism in materials such asCPLOM is observed imp-type GaAs due to a strong hole
Ga,_,Mn,As>~" In these Ill-V DMS’s, Mrf™ acts as an plasmon damping, moving from the LO frequency to the TO
acceptor, generating free holes in the valence Bafile  frequency with increasing hole concentratirin this paper,
ferromagnetism in these materials arises from the exchangge report on a spectroscopic determination of the carrier
interaction between these holes and the’Mions, and itis  concentration of four Ga ,Mn,As samples X=0, 0.038,
generally believed that there is a direct correlation betwee®.061, and 0.083at room temperature using Raman scatter-
T. and the hole densitp.>® However, the unambiguous de- ing from CPLOM. We find that the unscreened L(OLO)
termination of the hole density in Ga,Mn,As by standard phonon frequency of Ga,Mn,As decreases significantly as
magnetotransport techniquédall measurementis difficult ~ the Mn concentration increases up to 8.3%. This makes the
because of the anomalous Hall effect. The extraction of théraditional lineshape analysis for a typicpitype GaAs,
ordinary Hall effect from the measurement, appliedTat where the doping does not change the ULO frequency, un-
<T,, requires magnetic fields larger than 20 T even at temsuitable for determining the hole density inGaMn,As. By
peratures as low as 50 mK; even under these conditions, thanalyzing the relative Raman intensities of the ULO phonon
measured Hall data are not completely free from the effect oand the CPLOM, however, we were able to determine the
the negative magnetoresistance, resulting in significant urgarrier concentration up to>710?° cm 3. The monotonic
certainty in the deduced hole density. In addition, Hall mea-increase of the hole density with increasingor x<0.083
surements are not applicable to magnetically dilute samplesorrelates well with the change af. .
that are insulating.Finally, we note that the Curie-Weiss law ~ Ga _,Mn,As epilayers with a thickness of120 nm
behavior of the magnetic susceptibilifetermined by the were grown by molecular-beam epitaxy at250°C on a
Hall effectclearly indicates the dominance of the anomaloug001) semi-insulating GaAs substrate after the deposition of
Hall effect over the ordinary Hall effect even at room a buffer structure consisting of a 120-nm standard GaAs ep-
temperaturé® Here we exploit an alternative meth@Ra- ilayer grown at ~550°C followed by a 60-nm low-
man scattering to determine the hole density in temperature-grown GaAs epilayer. Electron microprobe
Ga _Mn,As epilayers for a wide range of temperatures byanalysist(EMPA) was used to determine Mn concentrations.
correlating the hole density to the coupled plasmon—LO-Details about the growth conditions and parameters are de-
phonon modéCPLOM).11*20ur results show that this spec- scribed elsewherE Raman-scattering measurements were
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FIG. 1. Raman spectra of GaMn,As with 6.1% Mn at room 0 e eBl ea0 S0 HE0
temperature for 457-nm excitation ir? a guasibackscattering geom- Raman Shift (cm-1)
etry with different polarization configurations, where=[001],
x=[100],Y=[110], etc. The base lines are vertically shifted for  F!G: 2. Raman spectra of GgMn,As for x=0, 0.038, 0.061,
clarity. and 0.083 at room temperature for 457-nm excitation a4 Y)z
scattering configuration, where open circles represent experimental
performed at room temperature in a quasibackscattering getata. The shaded area corresponds to the unscreened LO-phonon
ometry on the(001) growth surface of the samples. The component, and the solid curves represent contributions from plas-
457-nm line from a Coherent Arlaser was used as an ex- mon LO-phonon coupled mode. The base lines are vertically shifted
citation light source in order to obtain a very short penetrafor clarity, and the Raman intensity of the reference sample was
tion depth, thus avoiding any Raman scattering from thescaled down by 1/5.
buffer layers. The scattered photons were dispersed b . .
SPEX O.é—m triple spectrometgr and detected wri)th a quui)(/j—-iihus the Raman feature at 269 chis a CPLOM n
nitrogen-cooled charge-coupled-device detector. The spe 280, 9Mno gAS. We have not observed any Raman signature
trometer was calibrated using the frequency of the longitudi!" the high frequency spectral range up to 1700 ¢rthat
nal optical phonon peak (292 ci) of a separate GaAs ©an be attributed t& ™. This indicates @at the free carrier is
reference sample. a hole. Apart from the strong CPLOM i{Y,Y)z, there is an
Typical Raman spectra of Ga,Mn,As with 6.1% Mn at unmistakable shoulder on the high-frequency side of the
room temperature in a quasibackscattering geometry witPLOM. This is due to the ULO in the depletion layer near
different polarization configurations are displayed in Fig. 1,the surface. It is more distinctly observeda(x,x)z, where
where z=[001] is the growth direction anck=[100], y the LO mode is forbidden due to Raman selection rules.
=[010], X=[1T0], andY=[110]. According to the Raman However, the electric field near the semiconductor surface
selection rule for a zinc-blende crystal, the LO phonon iscauses a relaxation of Raman selection rules.

allowed forz(Y,Y)z andz(x,y)z but forbidden forz(x,x)z In the z(Y,Y)z configuration, the superimposed Raman

andz(Y,X)z, whereas the TO phonon is forbidden for all the;_eatureﬁ can be_decon?%osed Into CPL(L)M ano! uLo pﬁlrts by
- N as shown in Fig. 2, where Raman spectra of GMn,As

feature near 269 cnt is very strong inz(Y,Y)z and L= .

- L — for x=0, 0.038, 0.061, and 0.083 inAY,Y)z scattering

z(x,y)z, whereas it is extremely weak ir(Y,X)z and

: ) . configuration are displayed. It should be noted that the Ra-
Z(X,X)Z where LO modes are forbidden. This reveals its “LO man Spectrum of the reference Sampje:p) consists of

mode” nature despite its proximity to the GaAs TO fre- pnly one Lorentzian oscillator. The Raman intensity of the

quency. The very weak Raman signal nea?66 cm* in  yLO (shaded ardarapidly decreases as the Mn concentra-
z(Y,X)z configuration is the disorder-induced TO phonontion increases. The peak positions of the CPLOM and ULO
that should exist as a weak background Raman intensity fodetermined from the curve fitting are listed in Table | and

all the other scattering configurations employed in Fig. 1.shown in Fig. 3. The ULO frequency linearly decreases with
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TABLE I. Peak positions of the coupled pIasmon—LO-phonon AL =A[1—exp —2ad)], (1)
mode (CPLOM) and unscreened LQJLO) determined from Ra-
man scattering. The depletion layer thicknelsand the hole con-  whereA is the integrated intensity in an undoped crystal,
centrationp are calculated using Eq3) and (5) with é&s=2 and  is the absorption coefficient, andl is the depletion layer
$g=0.5 V. thickness. Since the integrated Raman intensity is propor-
tional to the scattering volumé, is given by

Mn concentration ULO  CPLOM d(A) p(cm 3

(%) (cm™h) (cm™h) Apg=EAptAL, (2
0 291.7#1.0 whereAp is the integrated intensity of the CPLOM aidd
3.8+0.2 287.7:1.0 276.4-1.0 76-4 1.2:0.2x10 =] /I, is the relative Raman scattering efficiencies of the
6.1+0.2 284.8-1.0 268.71.0 161 2.8+0.4x10%° ULO and CPLOM in a unit volume. Using Eqgg€l) and (2),
8.3+0.2 281.8-1.0 265.3-1.0 10+0.5 7.1+0.7x 10%° d can be estimated from the experimental Raman data,

. . . . . £A

increasing Mn concentrations up to 8.3%. Since the lattice d= z'” 1+ f_s ' ()

constant of Ga ,Mn,As increases with increasing the

compressive strain in the GaMnAs layer should induce avhereé,=A, /Ap is the ratio of the integrated intensity of
blueshift of the ULO frequency. However, the alloying effect the ULO to that of the CPLOM in the Raman spectrum. The
appears to be much stronger than the strain effect imlepletion layer thicknessfor p>10' can be calculated as a
Ga _Mn,As, leading to the observed ULO frequency red- function of hole concentratiopat zero temperatur@eglect-

shift with increasing. ing the transition region
Traditionally, a line-shape analysis of Raman scattering
for the CPLOM has been used to deduce carrier concentra- 2s0e50p| 2 1
tions of p-type GaAs:>'®assuming that the phonon frequen- d= (T s (4)

cies of the TO and LO phonon do not change with doping.
This is valid because conventional dopant concentrations ahereeg is the static dielectric constant anfh is the sur-
too small to change most of the physical parameters of GaAface potential barriel® Since the values ofs and ¢g for
used for the line-shape analysis. However, Mn concentragg, _ Mn,As are not available we used those for GaAs,
tions in Ga_,Mn,As samples fop>10'® cm™® are high =12 g(Ref. 17 and $z=0.5+0.05 V (Ref. 19. By com-
enough to change the frequency of the ULO as shown imaring 1, for x=0 andlp for x=0.082 in Fig. 2 we have
Table I, making it incorrect to use the GaAs parameters fopptainedés~2 and used this value for the analysis ofll
the line-shape analysis of the CPLOM. Alternatively thegjnce the ULO Raman efficiency in principle could be de-
p-type carrier concentration can be determined by analyzingendent orx there is a small uncertainty introduced by using
the relative intensities of ULO and CPLOMAssuming the 3 constant value afs=2. But a close inspection showed that
Raman-scattering efficiency from the ULO is similar to thatA0=(2Ap+A,_) is almost constant for all four samples,
in an undoped crystal, the integrated intengifyof the ULO  jaking é¢5=2+0.1 a good approximation. We also used
can be written &S =2.0x10° cm™* for the excitation wavelength 457 nt.
By equating Eqs(4) and(3), p is given by

205 L L L L
290‘:-\_ : : : . 80
[ 21|
; 10 3 °
~ 285[ - o H70
L A
S i g
g 2001 8§ 107F 7,- 60
S [ > F
] F = [ o
s 275] s <
(E“ L 8 I . {50 ~
(1] r & O 19
270 S 10°F
. o 2O .
[ 4 40
265 a I
I 18]
260'....|....|....|....|.... 10:....|....|....|....|....30
0.00 0.02 0.04 0.06 0.08 0.10 0.00 0.02 0.04 0.06 0.08 0.10
Mn Concentration x Mn Concentration x
FIG. 3. Mn composition dependence of the LO-phor{éull FIG. 4. Mn composition dependence of the hole density deter-

circle) Raman frequency in Ga,Mn,As (x<0.083), where the mined by Raman scatterir{full circles) and the ferromagnetic tran-
solid line is a linear fit. CPLOM frequencies are also displayed withsition temperaturéopen squaredor the same set of Ga,Mn,As
a dashed line to guide the eye. samples.
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8e0e e lar monotonic increases with increasimgprovides further
p= 0vs” 78 >, (5 confidence in our spectroscopically determined values of the
ellnl 1+ éa hole density in Ga_,Mn,As. _
s In conclusion, we have determined the room-temperature

and thus calculated hole concentrations are listed in Table F2'M€" concentratlon In Qa.XMnXAs for X:Q'OS& 0.061,
with an uncertainty less than 10%. It is worth mentioningand 0.083 using a Raman intensity analysis of the coupled
here that any possible uncertaintydy ande g would affect _?_IﬁsmotnaLO-Ehonontr:n(t)de aﬂ? thet undscrgerlge(ill LO phonon.
only the scaling factor in Eq(5). In order to check any 'St S uRy SNows ft at—unil % standar bf"l measmge-
possible finite-temperature correction in our analysis, we. %rll S— e}[rr?adn SC? 3”?9 provi estra]m up]alm |%uou§t and re-
have analyzed the Raman spectrum of the 6.1% sample me goie method 0 etermining € hole densily in
sured atT=8 K and obtained the same hole concentration 3 MnAs that can be proﬂ_ta_bly exploited for gaining a
within the error bar as shown in Table I. The hole Concen_better understanding of the origins of ferromagnetism in fer-
tration monotonically increases up tox20? for the 8.3% romagnetic semiconductors.

sample, showing a good correlation witly (Fig. 4). This is Work at NREL was supported by the Office of Science
different from the results of Matsukue al.® where the hole (Material Science Divisionof the Department of Energy un-
concentration, measured using the Hall effect, ahd der Contract No. DE-AC36-99G010337 as well as the
reached their maximum values X80?° cm 2 and 110 K, NREL DDRD program. Work at PSU was supported by
respectively, forx=0.053 and then decreased with increas-DARPA and ONR under Grant Nos. N00014-99-1-1093,
ing Mn concentration fox>0.053. The difference between N00014-99-1-0071, and NO00014-99-1-0716. H.M.C. was
the two results can be attributed to differences in detailecupported by Grant No. 2000-2-30100-009-3 from the Basic
growth conditions. However, the fact that the hole concenResearch Program of the Korea Science and Engineering
tration, determined by Raman scattering, dpdshow simi-  Foundation.
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