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Spin splitting in modulation-doped Al,Ga;_,N/GaN heterostructures
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We have studied the electronic properties of@d, - ,N/GaN heterostructures by using Shubnikov—de Haas
(SdH measurement. Two SdH oscillations were detected on the sampbes @85 and 0.31, due to the
population of the first two subbands with the energy separations of 128 and 109 meV, respectively. For the
sample ofx=0.25, two SdH oscillations beat each other, probably due to a finite zero-field spin splitting. The
spin-splitting energy is equal to 9.0 meV. The samples also showed a persistent photoconductivity effect after
illuminating by blue light-emitting diode.
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The spin splitting of conduction band in the inversion ferring and polarization field for the piezoelectric materials
layer of semiconductor heterostructures has been investsuch as AlGaN/GaN or InAlAs/InGaAs. Since the greater Al
gated both theoreticathf and experimentalf for decades. composition(x) yields a larger conduction-band offset and
The intrinsic splitting is caused by the confinement potentiahence more electrons are transferred into the GaN triangular
of a two-dimensional electron g&8DEG) in the present of potential well. A high carrier concentration is achieved at the
an interface electric field. Two competing mechanisms werdnterface and the second subband is consequently occupied.
used to interpret the zero-field spin splitting; one is theln addition to the charge transferring, a strong macroscopic
inversion-asymmetry-induced bukd term and the other is a polarization field is generated at the,Sla ,N/GaN inter-
linear interface spin-orbit interactidnThe calculated spin face due to the piezoelectric effect. A linear increase of the

splitting in GaAs/AlAs due to the inversion-asymmetry- polarization field with the Al composition was reporté@ihe
inducedk® term is about 4 me¥,while the theoretical spin theoretical calculation showed that the carrier concentration

splitting arisen from the linear spin-orbit interaction is due to the piezoelectric field depends on the Al composition
smaller than 1 meV.However, the experimental spin split- of Al,Ga, _,N layer as welf If the high electric field gener-
ting determined from the Shubnikov—de Ha&@dH) mea- ates a large inversion-asymmetry-induced spin splitting in
surement on InGaAs/InAlAs is about 2.5 meV? The the ALGa _,N/GaN heterostructure, then we should be able
value is still unclear to identify the mechanism of the spinto detect the splitting on the SdH measurement.

splitting. In order to distinguish these two mechanisms, we Three samples of the modulation-dopeq®é#, _,N/GaN
need a sample with a large interface electric field to enhancketerostructure were used in this study. The samples were
the inversion asymmetry, and its spin splitting exceeds grown on a sapphire (ADs) substrate by metal-organic
meV, which is ascribed to the inversion-asymmetry-inducedhemical vapor deposition and consisted of 2um GaN

k3 term. Because the ABa,_,N/GaN heterostructures have 100 A undoped-AlGa N spacer and 200 A Si-doped

a large conduction band discontinuity and a strong piezoeled-Al,Ga;_«N barrier[see the inset in Fig.(lh)]. Al compo-

tric effect, a high internal electric field is generated at thesition changes fronx=0.35 to 0.25 and Si-doping concen-
interface. Therefore the 4Ba,_,N/GaN heterostructure is a tration varies from 5 10" to 1.7< 10'" cm™3. The Hall car-
suitable material to evaluate the spin-splitting effect.rier concentration rfy) and mobility (uy) of the samples
Shubnikov—de Haas effect on the,&la, _,N/GaN hetero- were determined by van der Pauw Hall measurement and are
structures has been studied for varied Al compositions fronshown in Table I. The SdH measurement was performed on
x=0.1 to 0.18 by Wanget al.® and for different barrier Hall bar samples, and the data were taken with equal spacing
thickness withx=0.22 by Jianget al.” There were two SdH of 1/B (for the Fourier transformation purpgstom 0.5 to
oscillations observed in both papers. Jagteal. attributed 12 T at the temperature of 1.2 K. The magnetoresist&yse

the additional oscillation to the second subband populationgscillates with 1B and the SdH frequenc; depends only
while Wang et al. did not discuss about it. However, the on the carrier concentratiom; for the ith subband:f;
secondary SdH oscillation in Wang's paper showed appar=hn;/2e. The energy difference between Fermi leigland
ently different characteristics from that in Jiang’s paper. Thehe ith subband minimunk; can be calculated b¥r—E;
conduction-band bending depends strongly on charge trans= 7#2n;/m*, wherem* is the effective mass anld is the
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FIG. 1. The SdH oscillations after illuminating the samples at  FIG. 2. The FFT spectra of the SdH oscillations in Fig. 1.

1.2 K for about 780 s.
because sample 1 has a higher carrier concentration due to

Planck’s constant® The SdH oscillations were observed in the largerx and higher Si-doping level. If we assume that the
all of the samples. The illumination of the samples by a bluesffective mass for the two subbands is about the sanfe,
light emitting diode at low temperature increases the carriee=0.215n,, the energy separation between the two subbands
concentration and the increase is persistent after the removalE,— E; =128 meV for sample 1, and 109 meV for sample
of the light (i.e., a persistent photoconductivity effecfig- 2. Garridoet al. calculated the energy separation of the first
ure 1 shows the plots d®yy versus the magnetic field after and second subbands inALGa, ;N/GaN heterostructure to
illuminating the samples for about 780 s. The fast Fourietbe 112 me\? The theoretical value is in good agreement
transformationgFFT) of these SdH data are shown in Fig. 2. with our experimental results. The small deviation probably
The SdH frequencies of the primary,§ and the secondary arises from the different sample parametéxsy., in Garri-
(f,) oscillations are determined from the FFT spectrum. Indo’s sample,x=0.25, the barrier thickness is 350 A, the
Figs. 2a) and 2b), if the two SdH frequencies are due to the spacer is 30 A, and the Si-doping level is20'® cm™3),
lowest two subbands, the carrier concentrations of the twevhich can affect the piezoelectric field and charge transfer-
subbands obtained from the two SdH frequencies are 1.3dAng. Therefore, in samples 1 and 2, electrons transfer from
x 10" and 1.6< 10" cm™2 for sample 1, and 1.0810"3and  the barrier into the 2DEG and start to populate the second
5.8x 10t cm™ 2 for sample 2, respectively. It is reasonable, subband due to the high carrier concentration. In sample 3,

TABLE I. The parameters of samples and their Hall carrier concentration and mobility determined by van
der Pauw measurements at 10 K.

Sample Al compositionx) Si-doping concentratiofcm™ ) ng (cm?  py (Cm?Vs)

1 0.35 5x 10'8 1.51x 10" 2720
2 0.31 3x10'8 1.24x 105 4009
3 0.25 1.% 10" 8.96x 102 6120

161306-2



SPIN SPLITTING IN MODULATION-DOPED . . .

1600 ——— | |
Al, ,.Ga, ,.N/GaN ﬂ
| //
1400 7 A | A
133803 J\/\/m “‘ \/\J
|t YV
' ‘
I [“ M/\ / \/
-~ 1200 | 7980 S " /\f/‘\f\f\ \/\\/ \/\/ Y \
-"g MMW\MW‘~ Vi V‘J | U Q\ n /A /p\
[} 1 / !
3. I 1‘0 f\ \{f\ - m\/ b \(‘
-8 2580 s M\/VW/\/\M /s/ f wf /\//J \/ y
8 1000 |- et | \
3 Y
" 1 WM/\/\‘ AV
[ 780s gt U/\J) \v! | | A / /A\V
- iy
800
180 s w\/‘f\/\/\ Wf\/\/ \/ \/ |
. MWVM‘WWWU‘J\/JVV VY \//
B VAR /V\/
600 il
MWV\NW\/U(\V/\/ \J’ \k/ v
0 2 4 6 8 10 1

Magnetic Field (T)

FIG. 3. The SdH oscillations of sample 3 for different illumina-

tion times at 1.2 K.

frequenciesf,=180.0 andf,=163.3 T[see Figs. (c) and
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ously, but the nodes shift to a higher field. The beating effect
implies that the two SdH oscillations have similar frequen-
cies and comparable amplitudes. There are three possibilities
to produce the beatingi) the spin splitting of the first sub-
band, (ii) two-subband occupation, an@ii) the second-
channel located at the §J:Ga, 7\ barrier. The theoretical
band calculation shows that most of the free electrons trans-
fer from then-Aly,Ga, 79\ barrier to the triangular poten-
tial well due to the large conduction band offSeEven if
there reside some electrons in the barrier layer, the impurity
scattering will reduce the mobility of the electrons and hence
their contribution can be ignored. Therefore, the third possi-
bility is unlikely to produce the beating effect on sample 3. If
we assume that two subbands are occupied, the carrier con-
centrations obtained from SdH frequencies awrg=8.73

X 10*2 and n,=7.92x10'? cm 2, which yield the energy
separation of 9.0 meV. The theoretical energy separation of
the two lowest subbands is about 112 meV. The carrier con-
centrations are inconsistent with the Hall carrier concentra-
tion shown in Table I, and the energy separation disagrees
with the calculated value of 112 meV. Therefore, the second
possibility is probably not the case of sample 3. However, if
the beating effect has arisen from the spin splitting of the
first subband, the spin degeneracy factor of 2 needs to be
removed and the relation of SdH frequency to the carrier

concentrations of spin-up and spin-down electrons become,

f,=hn,/e andf =hn /e. Thus the carrier concentrations
obtained from the two frequencies ang=4.36x 10" and
there are two SdH oscillations beating each other with twan =3.96x 10" cm™ 2. These values agree with the Hall car-

rier concentration in Table I. The energy differerice., the

2(c)]. The beating effect still exists even after illuminating zero-field spin splitting becomes EL—ETzzwﬁz(nT

the sample for longer times. Figure 3 shows the ploRgf

—n;)/m*. We therefore calculated the spin-splitting energy

versus the magnetic field for different illumination times. from the SdH frequencies to & —E;=9.0 meV.
The two frequencies, obtained from the FFT spectra of the What is the origin to generate the beating effect in sample

SdH data in Fig. 3, increase with the illumination tirtfeg.
4). The beat frequencyff..=f1—f,) did not change obvi-

3? Das etal. observed the SdH beating effect in
In,Gay _,As/Ing 5,Al g 46AS heterostructures and deduced a

spin splitting of 1.5-2.5 meV as the applied magnetic field
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approached zerbThe authors attributed the beating patterns
to the finite zero-field spin splitting related to the inversion-
asymmetry-induced bulk® term®?# Similar to the weak
ferromagnetic electron systef@.g., ZrZn), the imbalance of
the number of spin-upn;) and spin-down 1) electrons
induces the spin-split Fermi surfaces at zero magnetic field
and hence produces the beating oscillations on the Fermi
surface measurements such as de Haas—van Atbten
Shubnikov—de Haas effectased on Das’ modélthe am-
plitude of the beat pattern induced by spin-split Landau lev-
els can be expressed Agy~ cosmv, wherev= é/hw, and

6 is the total spin splitting of the Landau levels. If the total
spin splitting § is B dependent, it can be expanded on the
cyclotron energy:8= 8o+ S1iw+ 8y(hw)?+- -+, where 8,

is the zero-field spin splitting and;A o is the linear-field
splitting, and so on. Becausej,= El—ET=27-rﬁ2(nT
—n,)/m*, afinite zero-field splittingy, gives rise to a beat
pattern against B and the amplitude of the beat becomes

Asgr~ cos@mfpead B) with a beat frequencyfpea=fi—1,
where we used,;=hn,/e andf =hn /e. The linear-field

term (5;hw) only contributes a constant phase to the beat

pattern, 778;. The higher-order terms, e.g8 (% w)?, will
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yield a beating effect with 8-dependent frequency, and oc- 600 T T
cur in ferromagnetic materials whose electron exchange in- [ 6£ Y=-007166+092524 X __*"| 1
teraction is so strong that the spin-splitting Fermi surfaces ! e 4o
depend greatly on the applied magnetic figddg., f,—f, 560 _:2;:[ ‘/ ) (\ [ ;A
=184 T in ZrZn,).* However, in the semiconductor hetero- =, 7 i / \ / \f
structures, the spin splitting induced by the inversion asym- T /A\ /\ | \, I M
metry is small and the higher-order terms can be ignored. T S N N ALY U \!W\ i
The amplitude becomes Agg— COSmr=CoS(rfyea/B 7 0 /Magnete el (T “‘W’\/’P\U’W VA “h\‘/ /‘\ / ‘
+w6,). For example, in Das’ paper the beating pattern was § L g=-2° N\W\M i i ¥
observed in samplé, and the last node of the beat pattern & [ ot f /\/W \/
appears aB=0.873 T (Fig. 2 in Ref. 4. The authors esti- & 480 . \WM \J(\’V’/ i 1
mated the zero-field spin splitting by counting the half- % i Wﬂwﬂ\}\\/ i A \{\/ I

integer values ofv(=1/2, 3/2, 5/2...) againsthw, and ob- L13° ot WV\V VY : ]
tained 5,=2.37 meV(Fig. 4 in Ref. 4. However, since the 440 T . m’\ f“v/\u‘\' ) 1
amplitude of the beatgy, is against 18, not fw, the I 28° eV ‘F S |
value of 8, extrapolated againgtw in Ref. 4 is incorrect. | e W«Un\,s\/”\f\u\f

We recalculated the beat frequency for thgGg _,As/ 400 o A3 ]
Ing 5Al g 46AS heterostructure from the plot of integer versus — MM Al Ga.  N/GaN |
1/B at the fields of the nodes in Fig. 2 of Ref. 4. The new I 58° 025~ "0.75 I
plot is shown in the inset of Fig. 5, and the beat frequency is 360" T
just equal to the slopé,.,=0.925 T. The linear fit in the 0 2 4 6 8 10 12
new plot is much better than that in Fig. 4 of Ref. 4. There- Bcos(8)

fore, we recalculated the zero-field spin splitting for

In Gay _  As/Ing s,Al 46AS heterostructuraj,=1.16 meV. In FIG. 5. The SdH oscillations of sample 3 for the angles:

our case, the Al,:Ga, ;N/GaN heterostructure has a much ¢=—2°, 13°,28°, 43°, and 58°. The inset shows the plot of integer
higher piezoelectric effect than INGaAs/InAlIAS The high versus the inverse field of the nodes in Fig. 2 of Ref. 4. The beat
piezoelectric field results in a greater band bending at th&€Auency is obtained from the slope of the piga=0.925T.

interface, and hence yields a larger spin-splitting en&igy constant withB cose for 6<43°. It is because in the field
=9.0meV. This can be checked by the tilt of the sample;ange (0.5-12 7 the Zeeman energy of sample 3 is still
orientation with respect to the applied magnetic field. Sincg,,ch smaller  than 8. This occurs in the

the Zeeman splitting energy is a function of total magnetiy, Ga  As/ing 5,Al 4As heterostructure for the field range
field B, while the SdH oscillation of 2DEG is a function of 5m 0.15 to 1.0 T and)< 70° (see Fig. 5 of Ref. # There-

the perpendicular component of the applied field, i-e.tqre we conclude that the beating effect on the SdH oscilla-
B cos#, whered is the angle between the sample orientationsons observed in sample 3 is probably caused by the finite

and the applied field. The location of the nodes will move t0,¢q_field spin splitting due to the inversion-asymmetry-
higher fields whenever the Zeeman energy £gBo) be-  nquced bulkk? term.

comes comparable té,. We performed the SdH measure-

ments on sample 3 with a rotating sample holderé&drom The project was supported by the National Science Coun-
—2°to 88°. The results were shown agaiBstosé in Fig. 5,  cil of Taiwan. One of the authord. Lo) is grateful to J.
where the data of=88° did not show in the plot. It is found Maurice and AFOSRAsian Office of Aerospace Research
that the locations of the nodes and SdH peaks are held nearynd Developmentfor financial support.

*Permanent address: Department of Physics, University of Dayton,7C. P. Jiang, S. L. Guo, Z. M. Huang, J. Yu, Y. S. Gui, G. Z. Zheng,

300 College Park, Dayton, Ohio 45469-0178. J. H. Chu, Z. W. Zheng, B. Shen, and Y. D. Zheng, Appl. Phys.
1G. Lommer, F. Malcher, and U. Rossler, Phys. Rev. L&3f.728 Lett. 79, 374 (2001).

(1988. 8J. A. Garrido, J. L. Sanchez-Rojas, A. Jimenez, E. Munoz, F.
2R. Eppenga and M. F. H. Schuurmans, Phys. Re87B10 923 Omnes, and P. Gibart, Appl. Phys. Lett, 2407 (1999.

(1988. 9N. Maeda, T. Nishida, N. Kobayashi, and M. Tomizawa, Appl.

3J. P. Eisenstein, H. L. Stormer, V. Narayanamurti, A. C. Gossard, Phys. Lett.73, 1856(1998.

,.and W. Wiegman, Phys. Rev. Le#3, 2579(1984 1lkai Lo, S. J. Chen, Li-Wei Tu, W. C. Mitchel, R. C. Tu, and Y. K.
B. Das, D. C. Miller, S. Datta, R. Reifenberger, W. P. Hong, P. K. Su, Phys. Rev. B0, R11 281(1999: K. K. Choi, D. C. Tsui
Bhattacharya, J. Singh, and M. Jaffe, Phys. Re\3B 1411 anc’1 s c Palmateéibid 23 8216(1,986 ' '

(1989. 1y 0
lkai Lo, S. Mazumdar, and P. G. Mattocks, Phys. Rev. .
5M. Cardona, N. E. Christensen, and G. Fasol, Phys. Rev. @&tt. 2555 (1989 4 &2
2831(1986. 12 o . . .
6T, Wang, Y. Ohno, M. Lachab, D. Nakagawa, T. Shirahama, S. Fl.zzligrg;‘rsllngrg,nv. Fiorentini, and D. Vanderbilt, Phys. Re\5@

Sakai, and H. Ohno, Appl. Phys. Le®t4, 3531(1999.

161306-4



