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Magneto-optical effects observed for GaSe in megagauss magnetic fields
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Magnetoabsorption spectra of a layered compound GaSe have been measured both for the Faraday and for
the Voigt configurations with magnetic fields up to 150 T. Interband transitions between the Landau subbands
have been clearly observed for the Faraday configuration. The exciton exhibited a diamagnetic shift, from
which we estimated the reduced mass of the excitgns0.15 andu=0.13. The anisotropy of the reduced
mass is surprisingly small in spite of the layered structure of the crystal. We have also observed the anticross-
ing effect between the 2and the 3, states of the hydrogen-atom-like excitonic states. We discussed the
correspondence between the excitonic states in a relatively low magnetic field and the Landau states in a high
magnetic field.
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[. INTRODUCTION axis of the crystal is perpendicular to the surface plane of the
films. Magnetoabsorption spectra in pulsed magnetic fields
Electronic and optical properties of GaSe have been exhave been measured by two different systems. One consists
tensively investigated from many points of view. In early of a nondestructive solenoid coil, a spectrometer, and an op-
days, the anisotropy of electronic states has been explored tital multichannel analyzer systeth Spectra are measured

connection with the layered structure of the cryt&e-  during the flat part at the top of the pulsed magnetic fields.
cently, this material has attracted attention as suitable bufferhe pulse width is~10 ms and the maximum field is

layers for fabricating heterostructures in electronic devices, _5q T. Samples are immersed in liquid-helium bath. The

and epitaxial growthsby the molecular-beam epitdddBE) ther is a single-turn coil system. It is combined with a spec-
has been attemptéd® GaSe is a kind of standard materials trometer, a streak camera, and a charge-coupled device

for studying excitons and interband optical processes. Be(CCD) camera2 The pulse width is~10 xs and the maxi-
cause the small oscillator strength of the exciton transitions,,m field is ~150 T. Time-resolved spectra during the

enables us to measure transmission spectra of the crysighje pulse duration are recorded continuously on the CCD
without too much difficulty, while in many other crystals itis 55 5 two-dimensional image. Spectra at different magnetic
difficult to obtain transmission spectra near the energy gage|ds are obtained from the image. Samples are cooled by
due to the large absorption coefficient. Magneto-optical Me3f6wing liquid helium near the sample. Although the maxi-
surement is a powerful tool to study fundamental properti€s, m field is smaller in the former system, t8&N ratio and

of materials. Many papers have been published concerning,s homogeneity of the magnetic field are better than those in

magneto-optics of GaSe:” _ the latter system. Therefore, the former system is adopted to
A dimensionless parametey=(feB/2.*)/R* is often  meagure magnetoabsorption spectra in the relatively low
used to represent the relative strength of the magnetic field Ihagnetic-field range up to 40 T. While different films were
materials, wherd is the magnetic fieldu* .is the eﬁect?ve prepared for the two kinds of measurements to fit each
reduced mass of a electron and a hd¥, is the effective  sample holder, all films are cleaved from the same single
Rydberg energy, antleB/2u* corresponds to the zero-point ¢rystal. Magnetoabsorption spectra have been obtained both
energy of the Landau levels. Agbecomes unity at-50 T for the Faraday configuration witB|c and for the Voigt
in GaSe, the magnetic field much larger than 50 T is necessonfiguration withB.L c. The electric fieldE of the incident
sary fo investigate the magneto-optics in the strongignt is perpendicular to the axis in the both cases. Either
magnetic-field regime. Many of ”71?9 previous works havejet circularly polarized lightr . or right circularly polarized
been done under the conditign=1. ™ "Although some pa-  jight 5 _ is used in the measurement for the Faraday configu-
pers reported the results for>1," they provided spectra ration, Linearly polarized light is used for the Voigt configu-

only for the Faraday configuration. In this work, magnetoab-ration, and ther and theo polarizations correspond ®||E
sorption spectra both for the Faraday and for the Voigt conynqg | E respectively.

figurations were systematically measured in magnetic fields
up to 150 T in order to discuss the fundamental properties of
the exciton and the energy band in GaSe. lll. RESULTS AND DISCUSSIONS

Figures 1 and 2 show magnetoabsorption spectra at dif-
ferent magnetic fields for the , and thes _ polarizations in

Thin films of GaSe were prepared by cleaving a singlethe Faraday configuration. The spectra in Fig. 1 were mea-
crystal. The typical thickness of the filmsis30 um. Thec  sured by the nondestructive coil system, and those in Fig. 2

Il. EXPERIMENTAL PROCEDURE
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FIG. 1. Magnetoabsorption spectra at 4.2 K in different mag- FIG. 2. Magnetoabsorption spectra at 17 K in different magnetic
netic fields for the Faraday configuratiof@) for the o, polariza- fields for the Faraday configuratiots) for the o, polarization,(b)
tion, and(b) for the o_ polarization. for the o_ polarization.
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FIG. 3. Magnetoabsorption spectra in different magnetic fields FIG. 4. Magnetoabsorption spectra in different magnetic fields
for the 7r polarization of the Voigt configuratiorig) B<146 T at 18  for the o polarization the Voigt configuratiorfa) B<146 T at 18K
Kand(b) B<39 T at 4.2 K. and(b) B<39 T at 4.2 K.

by the single-turn coil system. In the spectra wigh-0 T, field. The peak represented by squares in Fig. 5 shows dif-
the large absorption peak is the transition ofssekciton and ~ ferent behavior from other peaks. Its absorption intensity in-
a continuous absorption band lies above the exciton peakreases with increasing magnetic field up~+&0 T, while
The line shape of theslexciton peak aB=0 T in Fig. 1is the peak is not so prominent in the strong magnetic fields.
slightly different from that in Fig. 2, because different films ~ Exciton states of GaSe have been theoretically examined
were used in the two systems of measurement. Thexti- by Schliter®® The band-edge direct exciton state consists of
ton peak shifs to a higher energy with increasing magnetid'; singlet state and' + I'y triplet state. The singlet exciton
field. Several peaks are observed under the magnetic fieldsansition is allowed foE| c, while the triplet componerit;
and they become prominent with increasing magnetic field.is weakly allowed forEl c by the spin orbit interaction in
Magnetoabsorption spectra for tieand o polarizations the zero magnetic field. The exciton line observed in the
in the Voigt configuration are shown in Figs. 3 and 4, respecpresent spectra corresponds to the above triplet exciton state.
tively. The exciton peak splits into two components in strongAccording to the theoretical model, the triplet exciton line
magnetic fields for ther polarization, and the splitting en- consists of three degenerated states in the zero magnetic
ergy of the exciton peak is almost proportional to the inten<ield, and it splits into three components in a magnetic field.
sity of the magnetic field. The exciton peak for thepolar-  Two of the three components can be observed for the Fara-
ization is located at the middle position of the two split linesday configuration, and they are distinguished by a circularly
for the 7 polarization in the same magnetic field. polarized light. Indeed, the two lines were observed for the
The photon energies of the absorption peaks obtaineBfaraday configuration and each of them appeared fosthe
from the spectra in Fig. 2 are plotted as a function of theor the o_ polarization in the present experiment. In the
magnetic field in Fig. 5. The photon energy of theeixciton  above model, two of the three lines should appear forithe
peak for theo, polarization is larger than that for the_ polarization of the Voigt configuration, while the other line
polarization in the same magnetic field. The energy differ-should appear for the polarization at the central position of
ence of the exciton line between that for e and that for the two lines which appear for the polarization. In the
the o_ polarizations is proportional to the intensity of the present spectra, actually the exciton line splits into two com-
magnetic field. The same energy difference is also observegonents for ther polarization of the Voigt configuration, and
for each peak above the exciton peak as seen in Fig. 5. Phone line was observed for the polarization at the central
ton energies of the peaks represented by triangles in Fig. position of the two components. The selection rule of the
are almost linearly dependent on the magnetic field. Theiexciton line in the present magnetoabsorption spectra agrees
absorption intensities increase with increasing magnetievell with the theoretical model.
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FIG. 5. Photon energies of the absorption peaks obtained frorrt}]eFIG' 6. Magnetic-field dependence for the photon energies of

the magnetoabsorption spectra for the Faraday configuration. Solid absorption peaks. Those energies are obtained from the spectra

mrkerscrces suare, nd rengienespond 10 e po- ) 10> b 1, A1) Sokd e g s sorescospon
larization, and open markers to the polarization. Solid and bro- 7+ P y 9 » 0P

ken lines are calculated for the, and theo_ polarizations, re- _and open squares (o the- poIgnzgﬂon, open tr_|angles_ and open
spectively. inverse triangles to ther polarization of the Voigt configuration,

and solid triangles and solid inverse triangles to éhpolarization.

Broken curves are calculated for the Faraday configuration, and

solid curves for the Voigt configuration. Dotted line indicates the
hoton energy of the 2exciton transition at zero field.

The effectiveg value for the exciton, which means the
sum ofg values for the electron and the hole, was estimate
from the observed splitting of the exciton peak. We obtaine
Jefi|= 2.8 andges; = 2.1, wheregeq andges, are the values value of u, is 0.15n,. Fitted lines are shown in Fig. 5.
when the magnetic field is parallel and perpendicular tocthe According to the parameters given by Mooser and Sehlftt
axis, respectively. These values are in good agreement witfm,, =0.17mgy, m,, =0.8mg), w, becomes 0.1@#,. This
the data determined by Mooser and S"mﬂj‘(geﬁ“=2.7 and again agrees with the present experimental value. The peak
Oetrt =1.9). for N=0 should not be observed in the present spectra be-

The peaks induced by the magnetic field for the Faradagause the & exciton peak is dominant in the present
configuration are analyzed as the interband transitions bewnagnetic-field range.
tween the Landau subbands. The photon energies of the The photon energy of theslexciton peak obtained from

peaks are fitted as a function Bf the spectra in Figs. 1,(t), and Ib) is plotted versus in
Fig. 6. The exciton line exhibits the Zeeman splitting for the
1\ #eB 1 Faraday configuration. The central position of photon ener-
E=Eg+|{N+3 IiggeﬁnMBB, gies for theo, ando_ polarizations shifts to a higher en-

ergy with increasing magnetic field. The value of the energy
whereE, is the energy gap\=0,1,2,3 . . . is thequantum shift is proportional taB?2 belowaO T. This ql_Jadratic de-
number of the Landau levelg,, = 1/ (1/mg, )+ (1/my, )] is pgndence corres_ponds to the diamagnetic shift Qf mexg
the component perpendicular to tieaxis of the reduced Citon. The e'xperlmental values of th_e energy shift are fitted
effective massm,, is that of the electron effective mass, and PY @n equation for the Faraday configuration,
m,,, is that of the hole effective mass. The last term corre- 1
sponds to the Zeeman effect, apg is Bohr magneton; AElS:iEgeﬁH,uBBﬂL a'HBZ,
Jerj = 2.8 is the same value obtained from the splitting of the
exciton line mentioned abové&y=2.131 eV is determined where o corresponds to the coefficient of the diamagnetic
by the observed position of the exciton lines. The best-fitshift when the magnetic field is applied along theaxis.
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Fitted curves are shown in Fig. G is already fixed, and netic fields up to 10 T. These peaks look like the trar)sit_ions.
o becomes 4.4 10 ° eV/B?. As the exciton line does not between the Landau subbands, however, the magnetic field is

exhibit Zeeman splitting for the- polarization of the Voigt

too low to reach the high magnetic regime. In the following,

configuration, the magnetic-energy shift of the exciton line is"e discuss the correspondence between the observed peaks

dominated by the diamagnetic shift. We obtained=4.9
X 108 eV/B? for the Voigt configuration, where, is the

coefficient of the diamagnetic shift when the magnetic field

is applied perpendicular to theaxis.

The following equations are employed to discuss the co
efficient of the diamagnetic shift for theslexciton in an
anisotropic systent

2 u? 5452
o=0—~, O,=0 , o=——7—,
| i * Ay 327T,LL3€4
(52 )l 1 8( 2 . 1 )
e=(gj¢g)3, —== s
ST PR

whereg| ande, are the components of the dielectric con-
stant tensor parallel and perpendicular to thexis, respec-
tively. uj/u, = o)lo, =0.9 is obtained from the experimen-
tal values. Using the constants of Mooser and Sehj a|
and o, should become 4%10°eV/B?> and 4.7

in the low magnetic field~10 T and in the high magnetic
field over 100 T.

Shinadaet al1® proposed a scheme of correspondence be-
tween the energy levels of a hydrogen-atom-like state in the
low-magnetic-field regime ¥<1) and those in the high-
magnetic-field regimey¥>1) and discussed magnetoabsorp-
tion spectra of GaSe up to 10 T. Considering the scheme
given by Shinadeet al, we assign the peak indicated by
squares in Fig. 1 as thesztate, the peak indicated by tri-
angles as the@®,, the peak indicated by reverse triangles as
the 3s, and the peak indicated by rhombi as theé,4While
the 3dg and the 41, transitions are optically forbidden at the
zero magnetic field, they becomes gradually allowed ones
due to the mixing with thes-like states in a magnetic field.
The 3d, line appears aB~30 T in the spectra, and its ab-
sorption intensity increases with increasing magnetic field.
The line tends to the observed peak indicated by triangles in
Fig. 2, which has been assigned to the transition ofNhe
=1 Landau subband. Thes2ine, which is indicated by
squares in Fig. 2, becomes weak in high magnetic fields. The

X 10" ® eV/B?, respectively. Those values are in good agreeenergy difference between thes Znd 3, lines increases

ment with the present experimental ones.

rapidly with increasing magnetic field. This is due to an an-

The 2s exciton peak has been detected in the spectrum dificrossing of the two states. The deviation of the eXciton
a relatively thick sample prepared from the same single crystine from a simpleB? dependence as shown in Fig. 6 is

tal. The photon energy of thesZxciton in the zero magnetic
field is indicated by a horizontal dotted line in Fig. 6. A small
absorption peak appears above tre ekciton peak in the
magnetic field for ther polarization of the Voigt configura-
tion, which is indicated by inverse triangles in Figgh)3and
4(b). A splitting of the line is observed for the polarization
as well as for the & exciton peak. Photon energies of the

probably caused by this anticrossing effect. The Ihe
shows a behavior similar to thesZine, which becomes weak
over B~25T and is repelled by thed4 line. The peak
indicated by circles is possibly agg state, because it ap-
pears above thed} and continues to th&l=2 line of the
Landau subbands.

In conclusion, magnetoabsorption spectra of GaSe thin

peaks are indicated by inverse triangles in Fig. 6. We aserystals have been measured both for the Faraday and for the
signed this peak as the 2s exciton. In the Faraday configurafigt configurations with the magnetic fields up to 150 T.
tion, a peak indicated by squares in Figs. 1 and 2 is assignebhe interband transitions between the Landau subbands are

to the X exciton line. The coefficient of the diamagnetic
shift for the Z exciton is theoretically 14 times as that for
the 1s exciton. The curves for thes2exciton are drawn by
using 14r, and 14 in Fig. 6. The observed positions of the
2s line are almost on the curves Bt~7 T, but they are
significantly lower than the curves in high fields.

Several small peaks including the 2xciton line are ob-

clearly observed in the magnetic field over50 T for the
Faraday configurationw, is obtained to be 0.15 from the
analysis.u is estimated to be 0.13 from the observed dia-
magnetic shift, which is smaller tham, . The anisotropy of
the reduced mass is smally(/u, ~0.9). We clarified ex-
perimentally the joining relation between the hydrogen-
atom-like excitonic states in relatively low magnetic fields

served around the energy gap in the magnetic field belownd the Landau-level-like states in high magnetic fields. The

B~10 T for the Faraday configuration as seen in Fig. 1
Similar spectra were obtained by Rasul@tal® and

small peaks in the magnetic fields uptdlO T, which have

been observed also by Rasuleval® and of Halperr, do

Halpern® They observed some absorption lines having oscilnot directly continue to the transitions of the Landau
latory structure for the Faraday configuration with the mag-subbands.
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