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Giant Faraday rotation spectra of Zn,_,Mn,Se observed in high magnetic fields up to 150 T
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We have observed interesting features in the energy and field dependencies of Faraday rotation spectra in
Zn, _,Mn,Se under high magnetic fields up to 150 T. Continuous magneto-optical spectra were measured on a
two-dimensional plane as a function of magnetic field and photon energy. As the rotation angle is obtained as
continuous lines on the plane, we can detect any small change of the Faraday rotation, such as the stepwise
small increase corresponding to the crossover of the magnetic energy levels of Mn ion pairs. In a sample with
a relatively low Mn concentrationxE 0.015), we found that the sign of the field coefficient of the Faraday
rotation is reversed at some field due to the competition between the paramagnetic component due to the
magnetization of Mn ions and the diamagnetic component due to the interband transition in the matrix crystal.
We also found that the diamagnetic part in high fields shows a peculiar energy dependence, taking a minimum
at around 2.4 eV. This result suggests that the diamagnetic part is determined not only by the interband
transition but also by the-d transition in Mn ions. The magnetic-field dependence of the diamagnetic part
showed a kinklike behavior at arou=80T.

. INTRODUCTION fields®® In a previous papet, we determinedJdyy in
Zn; _,Mn,Se from the Faraday rotation.
Diluted magnetic semiconducto(®MS’s) of 1I-VI com- Besides the magnetic component, there are contributions

pounds exhibit many fascinating propertfes such as giant from different other mechanisms in the FR. It is well known
Faraday rotatiofi® Faraday rotatiofFR) in DMS alloys is  that the virtual interband transition gives rise to FR in non-
in general very large due to the magnetization of the#Mn magnetic semiconductot8-*3Such a mechanism gives a FR
ions. Giant FR is of importance not only for device applica-in the opposite direction to the magnetic component. We can
tions but also for investigating fundamental properties ofassign the magnetic component as a paramagnetic part and
DMS'’s. the interband component as a diamagnetic component. The
FR in DMS's is a convenient means to study the magnediamagnetic term gives just a small correction to the FR in
tization of Mn ions optically because the FR angle is pre-comparison to the paramagnetic term, but after the saturation
dominantly determined by the magnetization of Mn ions. Inof Mn magnetization in high magnetic fields, it should tend
DMS’s with a relatively low concentration of the magnetic to give a significant contribution. There have been several
component, giant FR is described by a Brillouin function like investigations concerning how the competition between the
a curve corresponding to the Mn magnetization, and it showparamagnetic component arising from the Mn magnetization
a saturation at high magnetic fields. The saturation correand the diamagnetic part develdds® In the low-field
sponds to a complete alignment of the spins of the isolatedange, the FR spectra were measured over a wide range of
Mn?* ions in strong fields. As the Mn content is increased,values as a function of temperature spanning the paramag-
the Mn pairs and larger clusters formed in the crystal make aetic and the magnetically ordered phas&sThe spectral
significant contribution to the magnetization, and the effecphoton energy dependence was measured, but the field range
also shows up in the FR. For example, in high magnetiavas only up to a few T. Experiments with FR in DMS'’s have
fields, additional structures appear due to the alignment odlso been done at high magnetic fields over 160" These
the moment of spin pairs of the neighboring Mn ions, andexperiments were performed by using monochromic light
successive steplike changes are observed corresponding ftom a laser, so that the data taken through these experiments
the crossover of the magnetic energy levels of the Mn spiwere only oscillatory signals with repeating bright and dark
pairs®’ From such steps we can estimate the antiferromagfringes. In the measurement using laser lines, it is not so easy
netic coupling constant between the nearest-neighbor Mn ioto determine the sense of the rotation or a small change of
pairs Jyn . The magnetization steps were studied in manythe rotation.
DMS’s. Regarding Zp ,Mn,Se, Foneret al. studied the Another interesting problem is the spectrum arising from
steps by magnetizatidhbut to the best of our knowledge the d-d transition in Mrf". There are some experimental
there has been no report of the determinationJgf; in reports about the intra-M# transition in DMS’s. The mag-
Zn,_,Mn,Se by means of FR. In more highly doped netoreflectance spectra for ZnMn,Te at low temperatures
samples, the effect of larger clusters reduces the FR due tevealed an enormous Zeeman splitting of free excitons as-
the antiferromagnetic interaction and the saturation of thesociated with the interband Faraday rotattdd.However,
magnetization or FR takes place only in very high magnetidhere has been no indication of the Zeeman splitting associ-
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ated with the transitions within Mil ions. This means that
the intra-Mrf* transition should have little influence on the
Faraday rotation. On the other hand, the spectra of the Far-
aday rotation and ellipticity in Zn ,Mn,Se clearly showed
peaks which can be regarded as transitions withir?Mn
ions?° It is an interesting question whether there is any effect
of the intra-Mrf* transition in the Faraday rotation. These
can be studied in high magnetic fields, where the effect of
the large Brillouin-function-like part is saturated.

Time Direction (Pixel)

o 20 22 24 26 1020 30 40
In the present study, we measured both the magnetic-field Photon Energy (¢V) B(T)

dependence and the photon energy dependence of the FR, .

exploiting a type of streak spectrometer comprising a charge- FIG. 1. Faraday rotation spectra of ZgdVingois5€ at 4.2 K
coupled-devicéCCD) camera or an image-converter camera(CCD image. (a) The vertical axis of the image corresponds to
in high magnetic fields up to 150 % As the continuous time, which is synchronized with a pulsed magnetic field. The hori-
specira are available on a two-dimensional plane, a numbgPnt@l axis corresponds to the photon energgy. The replotted

of features of FR can be studied for DMS’s image of(a) as a function of energy and magnetic field.

tization of the Mn ion pairs. From such steps, the nearest-
Il. EXPERIMENTAL PROCEDURE neighbor antiferromagnetic exchange constant was obtained

The samples of Zn,MnSe used in the experiments @SJnn=—13.1£0.3 K.? ,
were single crystals, grown by the Bridgeman method. The [N Poth Fig. 1b) and Fig. 2, we can see that the Faraday
Mn concentration of the samples were 0.015(sample No. rotatlo_n shows a rapid rise in the Iow-ﬂe]d region corre-
1), x=0.05(sample No. 2 andx=0.13(sample No. & The sponding to the magnetlzatlon of the Mn ions. Flgu(b_)l
samples were cut to a thickness of about 0.5 mm and 0ptls_.hows that there_ls a sharp turnaround of the FR stripes at
cally polished. The samples were put between two lineaPP0Ut 7 T. Scanning the FR spectra along the magnetic-field
polarizers set at 45° with respect to each other. The light wadirection at a constant photon energy, we notice .the_ line
led by optical fibers to and from the sample, which was€"counters the same continuous stripe twice. This indicates
mounted at the center of the magnet. Pulsed high magnetff@t the field coefficient of the FRulifferential Verde con-
fields up to 45 T were generated by a nondestructive wireStan} is reversed at some field arabi@ T atT=4.2K.

wound pulse magnépulse width~10 ms, and higher mag- In prder to study more details of the FR spectra in the
netic fields up to 150 Tpulse width~7 us) were generated high-field range, the measurement was extended up to 150 T

by the single-turn coil methodZ.In the former case, the using t_he sing_le-turn coil technigtfeand a s_treak spectrom-
Faraday rotation spectra were measured over the wide ph§ter With an image-converter camera. Figure 3 shows the
ton energy range by using a CCD with a 54212 detector data of the FRin a sample with=0.015, aff~8 K. We can
segments matrix. The time-resolved spectra were obtainetf€ @ Striking anomaly at around 2.4 eV in Fig. 3. The Far-
by a streak-mode of the CCD with sequential shift of the@day rotation angle of various photon energies up to 150 T at
spectral signals synchronized with the pulse magnetic field! ~8 K is plotted in Fig. 4 as a function of magnetic field.
By this measuring system, we can obtain continuous FRN€ rotation angle at every photon energy increased up to 7
spectra at low temperatures in one pulse. In a field producedl: @S iS observed in the low-field measurement. At 7 T, the
by the single-turn coil techniqué~150 T), time-resolved field c_oefﬂment of the FR is revers_ed, showing a turnaround.
two-dimensional spectra were obtained by using a streak he field dependence of the rotation angle before the turn-

spectrometer comprising an image-converter camera and aé_'ound is a Brillouin-function-like rapid increase due to the
CCD camera. paramagnetic contribution from the Mnmagnetization. Af-

ter the turnaround, it is almost a linearly decreasing function

Ill. RESULTS AND DISCUSSION

1!
=)

Figure 1a) demonstrates the raw data of the CCD image
for the Faraday rotation spectra of the sample with
=0.015 up to 41.0 T aT=4.2K. The vertical axis of the
image corresponds to the time, which is synchronized with a
pulsed magnetic field. The horizontal axis corresponds to the
photon energy. Each dark and bright stripe in the figure is
caused by a 90° rotation of the linearly polarized light. Re-
plotting the image as a function of energy and magnetic field,
we obtain an image as shown in FigbL From such images
we obtain the magnetic-field dependence of the FR at various
photon energies.

Figure 2 shows another example of the streak spectra of FIG. 2. Faraday rotation spectra of ZpMny-Se at 1.6 K
the Faraday rotation in a sample with=0.13, atT=1.6 K.  (CCD imag¢. The horizontal axis corresponds to the magnetic
We can see the stepwise increase of the Faraday rotatiofields, and the vertical axis to photon energy. Two points with wavy
corresponding to the magnetization steps due to the magnetripes correspond to the magnetization step.
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FIG. 3. Faraday rotation spectra of ZgdMnyg5e at 7 K
(CCD imagg. The horizontal axis corresponds to the photon en-gee that the gradient of the linearly decreasing part of the FR
ergy, and the vertical axis to time which is synchronized with a(y) aboveB>7 T has a large photon energy dependence.
pulsed magnetic field. Furthermore, even the value of the FR angle itself changes
o ) ) o the sign in high fields above 50 T. The zero cross of the FR
of magnetic field. FoB>7 T, the diamagnetic contribution occurs at lower fields as the photon energy is decreased.
becomes prominent aft_er the magnetization saturation angych a behavior of can be investigated only by a measure-
the sign of the FR gradient changes. ment over a wide field range as in the present experiment.
The FR is represented by two terms, The fitting parameter®, and y are shown as functions the
_ photon energyiw in Fig. 5. 6y increases as the photon en-
0= Oo(hw)Be2 B, T) + x(7.0)B, @ ergy is increased toward the energy gap. This behavie, of
where the first and the second terms represent the paramag-reasonable if we recall the expression of the giant Faraday
netic contribution of the Mn ions and the diamagnetic con-rotation:.

tribution of the interband transition, respectivelys;(B,T)
2

is the Brillouin function for magnetic fiel& and temperature \/F—od B—« 1 y

T. 6, andy are fitting parameters which are dependent on the 0= ohc m E_o m

photon energy. The small phenomenological antiferromag-

netic interaction of isolated Mil ions with distant E

neighboré>2?*is neglected for simplicity. As the signs of the y=—, )
two terms are opposite from each other, the direction of FR Eo

can be reversed when the first term is saturated in high ma
netic fields. It should be noted that CdMn,Te did not
show such a reversal of the field coefficient of the FR, an
the reversal is a unique feature in ZpMn,Se due to the
fact that the two terms in Eq1) compete with the same
order of magnitude.

Figure 4 shows a comparison between the experiment
data of the field dependence of the FR at different photoﬁn

energies with the calculated result usin .with 6 and . O e (
; 9 £ 0 ég_creased with increasing photon energy belokw

as fitting parameters. We can see a reasonably good agr
X gp y g 9 ~2.4eV, but it has a maximum at around 2.4 eV. The exis-

ment between experiment and calculation. In Fig. 4, we can ; . :
tence of the maximum of the linear term is actually the rea-

son for the extremum point in the FR image in Fig. 3. The

%vhereFo is a constant involving the oscillator strength of the
Oexcitonic transition,a and B are the exchange integrals for
the conduction- and valence-band electrons witH Mions,

M is the magnetization per unit volumeg,, is the Landeg
factor of the MR spins which is about 2E, is a single
a(ascillator energyE is the photon energy, andg is a Bohr
agneton.

The value of the coefficient of the linear termy is also

1600 T g T T T T

; %22:3 diamagnetic component should have increased as the photon

1200 g eSO energy increases below the band gap because it is predomi-
woold m 202e|] nantly determined k_)y the interl_aand transition of the mother
g = crystal ZnSé1"13This anomaly in the energy dependence of

|x| at around 2.4 eV suggests some other contribution to the

FR. In the experiment of the piezomodulated reflectivity

. spectra of Zp_,Mn,Se?® a structure was observed in the

1 vicinity of 2.3 eV, and the structure was attributed to an

electronic transition within Mf" ions [the °A;(°S)

, —4T,(*G) transition. The energy of the anomaly in the

160 present experimen®.4 eV) is very close to this Mfi" d-d

transition. The origin of such a unique structure appearing in

FIG. 4. Faraday rotation angles of ZgdMnyoSe. This graph the Faraday rotation spectra might originate from the

is plotted taking the reverse rotatioh AT into consideration. 5A,(8S)—4T,(*G) transition.
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upturn above 80 T for an energy higher than 2.3 eV, and a
downturn at the same field for the lower energy. These fea-
tures were also confirmed by measuring the Faraday rotation
with monochromatic radiation from lasers at wavelengths of
514.5 nm(2.4 eV) and 632 nm(1.96 e\j. The origin of the
anomalous field dependence is not clear at the moment, but,
as mentioned above, this energy is very close to the energy
of intra-Mr?" transition. This effect may be also related to
the d-d transition. Further study is necessary for clarifying
these anomalies near 2.4 eV.
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IV. CONCLUSION

We have observed various features in the giant Faraday
rotation in Zn _,Mn,Se, by measuring continuous spectra

0o 40 80 120 160 ; 4 :

B(T) recorded on a two-dimensional plane as a function of both

) magnetic field and photon energy in high magnetic fields up

FIG. 6. Faraday rotation angles of ZgaMnosSe at 8 K at 19 150 T. The FR shows a clear turnaround at some field as
various photon energies up to 150 T. This graph is plotted taking, fynction of magnetic field due the competition between the
the reverse rotation at 20 T into consideration. The solid lines a@aramagnetic term arising from the Mn magnetization and

guides for the eye. Depending on the photon energy, the line sho

e diamagnetic term arising from the interband transition.
an upturn or a downturn at around 80 T, as shown by an arrow.

The field coefficient of the latter shows a clear anomaly at a
photon energy around 2.4 eV. The field dependence of the

Another type of anomaly was found in the field depen-FR shows an upturn and a downturn at around 80 T, and the
dence of the FR for a sample wii+=0.05. In Fig. 6 we plot  turning direction is swapped at around 2.3 eV. These ener-
the FR angle in this sample at various photon energies up tgies are very close to the Mh d-d transition which was
150 T at~8 K. The turnaround of the FR is also noticed in assigned as’A;(°S)—*T,(*G). We can deduce that the
this sample at 2680.5T. A remarkable feature is that the Mn?" d-d transition may be responsible for these features
field dependence of the Faraday rotation shows a distinatbserved in the Faraday rotation inZgMn,Se.

1Y.R. Lee, A. K. Ramdas, and R. L. Aggarwal, Phys. Re3B  13J. Kolodziejczak, B. Lax, and Y. Nishina, Phys. R&28 2655

7383(1986. (1962.
2J. K. Furdyna, J. Appl. Phy®29, 64 (1988. 1A, 1. Savchuk, B. E. Derkach, O. R. Klichuk, and P. I. Nikitin,
3p. P. Vatamanyuk, A. V. Savitskii, and K. S. Ul'yanitskii, Sov. _ |IEEE Trans. Magn28, 3246(1992.
Phys. JETF67, 2084(1988. 15Eunsoon Ch, O. U. Bartholomew, A. K. Ramdas, J. K. Furdyna,
“D. U. Bartholomew, J. K. Furdyna, and A. K. Ramdas, Phys. Rev, and U. Debska, Phys. Rev. £, 5201(1990.
16 . ’ ,
B 34, 6943(1986. H. J. Jimmez-Gonzkez, R. L. Aggarwal, and P. Becla, Phys.

®J. A. Gaj, R. R. Gatazka, and M. Nawrocki, Solid State Commun. Rev. B45, 14 011(1992.
25, 193(1979. H. J. Masterson, J. G. Lunney, and J. M. D. Coey, J. Appl. Phys.

®S. Foner, Y. Shapira, D. Heiman, P. Becla, R. Kershaw, K.18P81|’ T\?iilgg(;) M. T K dV. V. Plat IEEE T
Dwight, and A. Wold, Phys. Rev. B9, 11 793(1989. I, B, W azenko, and V. V. Fatonov, rans.

73. P. Lascaray, M. Nawrocki, J. M. Broto, M. Rakoto, and M. 19YMSng1.e2e9,A34li2(F§§r?12-as and R. L. Aggarwal, Phys. Re\3®
Demianiuk, Solid State Commu6l, 401 (1987. o oo ' - AgY » Y-

8E. D. | D. Hei X. W P. Becla, K. Nakao, S.z0 0001988
- D. 1ssacs, L. meiman, 2. Wang, 7. becla, K. Nakao, .20y,_yjang zheng, Shi-ming Zhou, Liang-Yao Chen, Ning Dai, Jie

,_1akeyama, and N. Miura, Phys. Rev.43, 3351(1993). Wang, and Cai-Xia Jin, J. Appl. Phy8L, 5154 (1997.
T. Yasu_hlra, K. Uchida, M. H. Matsuda, N. Miura, and A. Twar- 21 Yasuhira, N. Miura, K. Uchida, and A. Twardowski, Rro-
o dow§k|, J. Phys. Soc. Jp68, 3436(1999 ceedings of the 24th International Conference on the Physics of
A. Ebina, T. Koda, and S. Shionoya, J. Phys. Chem. Sdjs SemiconductoréWorld Scientific, Singapore, 1998
1497(1965. #2N. Miura, Physica B201, 40 (1994.
1] M. Boswarva, R. E. Howard, and A. B. Lidiard, Proc. R. Soc. 233, A. Gaj, R. Planel, and G. Fishman, Solid State Comn29p.
London, Ser. A269, 125(1962. 435(1979.

12], M. Boswarva and A. B. Lidiard, Proc. R. Soc. London, Ser. A 2R. L. Aggarwal, S. N. Jasperson, P. Becla, and R. R. Galazka,
278 588 (1964. Phys. Rev. B32, 5132(1985.



