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Giant Faraday rotation spectra of Zn1ÀxMn xSe 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
Zn12xMnxSe 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 concentration (x50.015), 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 thed-d transition in Mn ions. The magnetic-field dependence of the diamagnetic part
showed a kinklike behavior at aroundB580 T.
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I. INTRODUCTION

Diluted magnetic semiconductors~DMS’s! of II-VI com-
pounds exhibit many fascinating properties,1–3 such as giant
Faraday rotation.4,5 Faraday rotation~FR! in DMS alloys is
in general very large due to the magnetization of the Mn21

ions. Giant FR is of importance not only for device applic
tions but also for investigating fundamental properties
DMS’s.

FR in DMS’s is a convenient means to study the mag
tization of Mn ions optically because the FR angle is p
dominantly determined by the magnetization of Mn ions.
DMS’s with a relatively low concentration of the magnet
component, giant FR is described by a Brillouin function li
a curve corresponding to the Mn magnetization, and it sho
a saturation at high magnetic fields. The saturation co
sponds to a complete alignment of the spins of the isola
Mn21 ions in strong fields. As the Mn content is increase
the Mn pairs and larger clusters formed in the crystal mak
significant contribution to the magnetization, and the eff
also shows up in the FR. For example, in high magne
fields, additional structures appear due to the alignmen
the moment of spin pairs of the neighboring Mn ions, a
successive steplike changes are observed correspondi
the crossover of the magnetic energy levels of the Mn s
pairs.6,7 From such steps we can estimate the antiferrom
netic coupling constant between the nearest-neighbor Mn
pairs JNN . The magnetization steps were studied in ma
DMS’s. Regarding Zn12xMnxSe, Foneret al. studied the
steps by magnetization,6 but to the best of our knowledg
there has been no report of the determination ofJNN in
Zn12xMnxSe by means of FR. In more highly dope
samples, the effect of larger clusters reduces the FR du
the antiferromagnetic interaction and the saturation of
magnetization or FR takes place only in very high magne
PRB 610163-1829/2000/61~7!/4685~4!/$15.00
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fields.6,8 In a previous paper,9 we determinedJNN in
Zn12xMnxSe from the Faraday rotation.

Besides the magnetic component, there are contribut
from different other mechanisms in the FR. It is well know
that the virtual interband transition gives rise to FR in no
magnetic semiconductors.10–13Such a mechanism gives a F
in the opposite direction to the magnetic component. We
assign the magnetic component as a paramagnetic part
the interband component as a diamagnetic component.
diamagnetic term gives just a small correction to the FR
comparison to the paramagnetic term, but after the satura
of Mn magnetization in high magnetic fields, it should te
to give a significant contribution. There have been seve
investigations concerning how the competition between
paramagnetic component arising from the Mn magnetiza
and the diamagnetic part develops.14–16 In the low-field
range, the FR spectra were measured over a wide rangex
values as a function of temperature spanning the param
netic and the magnetically ordered phases.1,17 The spectral
photon energy dependence was measured, but the field r
was only up to a few T. Experiments with FR in DMS’s hav
also been done at high magnetic fields over 100 T.8,18 These
experiments were performed by using monochromic lig
from a laser, so that the data taken through these experim
were only oscillatory signals with repeating bright and da
fringes. In the measurement using laser lines, it is not so e
to determine the sense of the rotation or a small chang
the rotation.

Another interesting problem is the spectrum arising fro
the d-d transition in Mn21. There are some experiment
reports about the intra-Mn21 transition in DMS’s. The mag-
netoreflectance spectra for Zn12xMnxTe at low temperatures
revealed an enormous Zeeman splitting of free excitons
sociated with the interband Faraday rotation.1,19 However,
there has been no indication of the Zeeman splitting ass
4685 ©2000 The American Physical Society
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ated with the transitions within Mn21 ions. This means tha
the intra-Mn21 transition should have little influence on th
Faraday rotation. On the other hand, the spectra of the
aday rotation and ellipticity in Zn12xMnxSe clearly showed
peaks which can be regarded as transitions within M21

ions.20 It is an interesting question whether there is any eff
of the intra-Mn21 transition in the Faraday rotation. Thes
can be studied in high magnetic fields, where the effec
the large Brillouin-function-like part is saturated.

In the present study, we measured both the magnetic-
dependence and the photon energy dependence of the
exploiting a type of streak spectrometer comprising a cha
coupled-device~CCD! camera or an image-converter came
in high magnetic fields up to 150 T.21 As the continuous
spectra are available on a two-dimensional plane, a num
of features of FR can be studied for DMS’s.

II. EXPERIMENTAL PROCEDURE

The samples of Zn12xMnxSe used in the experimen
were single crystals, grown by the Bridgeman method. T
Mn concentration of the samples werex50.015~sample No.
1!, x50.05~sample No. 2!, andx50.13~sample No. 3!. The
samples were cut to a thickness of about 0.5 mm and o
cally polished. The samples were put between two lin
polarizers set at 45° with respect to each other. The light
led by optical fibers to and from the sample, which w
mounted at the center of the magnet. Pulsed high magn
fields up to 45 T were generated by a nondestructive w
wound pulse magnet~pulse width;10 ms!, and higher mag-
netic fields up to 150 T~pulse width;7 ms! were generated
by the single-turn coil methods.22 In the former case, the
Faraday rotation spectra were measured over the wide
ton energy range by using a CCD with a 5123512 detector
segments matrix. The time-resolved spectra were obta
by a streak-mode of the CCD with sequential shift of t
spectral signals synchronized with the pulse magnetic fi
By this measuring system, we can obtain continuous
spectra at low temperatures in one pulse. In a field produ
by the single-turn coil technique~;150 T!, time-resolved
two-dimensional spectra were obtained by using a str
spectrometer comprising an image-converter camera a
CCD camera.

III. RESULTS AND DISCUSSION

Figure 1~a! demonstrates the raw data of the CCD ima
for the Faraday rotation spectra of the sample withx
50.015 up to 41.0 T atT54.2 K. The vertical axis of the
image corresponds to the time, which is synchronized wit
pulsed magnetic field. The horizontal axis corresponds to
photon energy. Each dark and bright stripe in the figure
caused by a 90° rotation of the linearly polarized light. R
plotting the image as a function of energy and magnetic fie
we obtain an image as shown in Fig. 1~b!. From such images
we obtain the magnetic-field dependence of the FR at var
photon energies.

Figure 2 shows another example of the streak spectr
the Faraday rotation in a sample withx50.13, atT51.6 K.
We can see the stepwise increase of the Faraday rota
corresponding to the magnetization steps due to the ma
r-
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tization of the Mn ion pairs. From such steps, the neare
neighbor antiferromagnetic exchange constant was obta
asJNN5213.160.3 K.9

In both Fig. 1~b! and Fig. 2, we can see that the Farad
rotation shows a rapid rise in the low-field region corr
sponding to the magnetization of the Mn ions. Figure 1~b!
shows that there is a sharp turnaround of the FR stripe
about 7 T. Scanning the FR spectra along the magnetic-fi
direction at a constant photon energy, we notice the l
encounters the same continuous stripe twice. This indic
that the field coefficient of the FR~differential Verde con-
stant! is reversed at some field around 7 T atT54.2 K.

In order to study more details of the FR spectra in t
high-field range, the measurement was extended up to 15
using the single-turn coil technique22 and a streak spectrom
eter with an image-converter camera. Figure 3 shows
data of the FR in a sample withx50.015, atT;8 K. We can
see a striking anomaly at around 2.4 eV in Fig. 3. The F
aday rotation angle of various photon energies up to 150
T;8 K is plotted in Fig. 4 as a function of magnetic fiel
The rotation angle at every photon energy increased up
T, as is observed in the low-field measurement. At 7 T,
field coefficient of the FR is reversed, showing a turnarou
The field dependence of the rotation angle before the tu
around is a Brillouin-function-like rapid increase due to t
paramagnetic contribution from the Mn21 magnetization. Af-
ter the turnaround, it is almost a linearly decreasing funct

FIG. 1. Faraday rotation spectra of Zn0.985Mn0.015Se at 4.2 K
~CCD image!. ~a! The vertical axis of the image corresponds
time, which is synchronized with a pulsed magnetic field. The ho
zontal axis corresponds to the photon energy.~b! The replotted
image of~a! as a function of energy and magnetic field.

FIG. 2. Faraday rotation spectra of Zn0.87Mn0.13Se at 1.6 K
~CCD image!. The horizontal axis corresponds to the magne
fields, and the vertical axis to photon energy. Two points with wa
stripes correspond to the magnetization step.
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of magnetic field. ForB.7 T, the diamagnetic contribution
becomes prominent after the magnetization saturation
the sign of the FR gradient changes.

The FR is represented by two terms,

uF5u0~\v!B5/2~B,T!1x~\v!B, ~1!

where the first and the second terms represent the para
netic contribution of the Mn ions and the diamagnetic co
tribution of the interband transition, respectively.B5/2(B,T)
is the Brillouin function for magnetic fieldB and temperature
T. u0 andx are fitting parameters which are dependent on
photon energy. The small phenomenological antiferrom
netic interaction of isolated Mn21 ions with distant
neighbors23,24 is neglected for simplicity. As the signs of th
two terms are opposite from each other, the direction of
can be reversed when the first term is saturated in high m
netic fields. It should be noted that Cd12xMnxTe did not
show such a reversal of the field coefficient of the FR, a
the reversal is a unique feature in Zn12xMnxSe due to the
fact that the two terms in Eq.~1! compete with the same
order of magnitude.

Figure 4 shows a comparison between the experime
data of the field dependence of the FR at different pho
energies with the calculated result using Eq.~1! with u0 and
x as fitting parameters. We can see a reasonably good a
ment between experiment and calculation. In Fig. 4, we

FIG. 3. Faraday rotation spectra of Zn0.985Mn0.015Se at 7 K
~CCD image!. The horizontal axis corresponds to the photon e
ergy, and the vertical axis to time which is synchronized with
pulsed magnetic field.

FIG. 4. Faraday rotation angles of Zn0.985Mn0.015Se. This graph
is plotted taking the reverse rotation at 7 T into consideration.
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see that the gradient of the linearly decreasing part of the
~x! aboveB.7 T has a large photon energy dependen
Furthermore, even the value of the FR angle itself chan
the sign in high fields above 50 T. The zero cross of the
occurs at lower fields as the photon energy is decrea
Such a behavior ofx can be investigated only by a measur
ment over a wide field range as in the present experim
The fitting parametersu0 and x are shown as functions th
photon energy\v in Fig. 5. u0 increases as the photon e
ergy is increased toward the energy gap. This behavior ou0
is reasonable if we recall the expression of the giant Fara
rotation.4

uF5SAF0d

2\c

b2a

gMmB
M D 1

E0

y2

~12y2!3/2,

y5
E

E0
, ~2!

whereF0 is a constant involving the oscillator strength of th
excitonic transition,a and b are the exchange integrals fo
the conduction- and valence-band electrons with Mn21 ions,
M is the magnetization per unit volume,gM is the Lande´ g
factor of the Mn21 spins which is about 2,E0 is a single
oscillator energy,E is the photon energy, andmB is a Bohr
magneton.

The value of the coefficient of the linear term2x is also
increased with increasing photon energy below\v
;2.4 eV, but it has a maximum at around 2.4 eV. The ex
tence of the maximum of the linear term is actually the re
son for the extremum point in the FR image in Fig. 3. T
diamagnetic component should have increased as the ph
energy increases below the band gap because it is pred
nantly determined by the interband transition of the mot
crystal ZnSe.11–13This anomaly in the energy dependence
uxu at around 2.4 eV suggests some other contribution to
FR. In the experiment of the piezomodulated reflectiv
spectra of Zn12xMnxSe,19 a structure was observed in th
vicinity of 2.3 eV, and the structure was attributed to
electronic transition within Mn21 ions @the 6A1(6S)
→4T2(4G) transition#. The energy of the anomaly in th
present experiment~2.4 eV! is very close to this Mn21 d-d
transition. The origin of such a unique structure appearing
the Faraday rotation spectra might originate from t
6A1(6S)→4T2(4G) transition.

-

FIG. 5. Photon energy dependence of the fitting parametersu0

and2x. The solid lines are guides for the eye.
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4688 PRB 61T. YASUHIRA et al.
Another type of anomaly was found in the field depe
dence of the FR for a sample withx50.05. In Fig. 6 we plot
the FR angle in this sample at various photon energies u
150 T at;8 K. The turnaround of the FR is also noticed
this sample at 2060.5 T. A remarkable feature is that th
field dependence of the Faraday rotation shows a dist

FIG. 6. Faraday rotation angles of Zn0.95Mn0.05Se at 8 K at
various photon energies up to 150 T. This graph is plotted tak
the reverse rotation at 20 T into consideration. The solid lines
guides for the eye. Depending on the photon energy, the line sh
an upturn or a downturn at around 80 T, as shown by an arrow
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upturn above 80 T for an energy higher than 2.3 eV, an
downturn at the same field for the lower energy. These f
tures were also confirmed by measuring the Faraday rota
with monochromatic radiation from lasers at wavelengths
514.5 nm~2.4 eV! and 632 nm~1.96 eV!. The origin of the
anomalous field dependence is not clear at the moment,
as mentioned above, this energy is very close to the ene
of intra-Mn21 transition. This effect may be also related
the d-d transition. Further study is necessary for clarifyin
these anomalies near 2.4 eV.

IV. CONCLUSION

We have observed various features in the giant Fara
rotation in Zn12xMnxSe, by measuring continuous spect
recorded on a two-dimensional plane as a function of b
magnetic field and photon energy in high magnetic fields
to 150 T. The FR shows a clear turnaround at some field
a function of magnetic field due the competition between
paramagnetic term arising from the Mn magnetization a
the diamagnetic term arising from the interband transiti
The field coefficient of the latter shows a clear anomaly a
photon energy around 2.4 eV. The field dependence of
FR shows an upturn and a downturn at around 80 T, and
turning direction is swapped at around 2.3 eV. These en
gies are very close to the Mn21 d-d transition which was
assigned as6A1(6S)→4T2(4G). We can deduce that th
Mn21 d-d transition may be responsible for these featu
observed in the Faraday rotation in Zn12xMnxSe.
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