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Giant tunability of exciton photoluminescence emission in antiferromagnetic EuTe
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The photoluminescence properties of antiferromagnetic EuTe layers grown by molecular-beam epitaxy are
reported. At low temperatures, two excitonic photoluminescence peaks are observed at 1.92 and 1.88 eV with
a full width at half maximum of about 10 meV. With applied magnetic field, these excitonic transitions shift
linearly by —34 meV/T to smaller transition energies with a total shift of more than 240 meV at 7.2 T. This
is the largest tuning range observed in any semiconductor. The observed magnetic field and temperature
dependence of the luminescence lines is explained by the formation of large magnetic polarons due to ex-
change interactions between ttidike electrons in the conduction band and localizddspgins.
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[. INTRODUCTION that high-purity epitaxial EuTe layers grown by molecular-
beam epitaxy exhibit very narrow excitonic photolumines-
Solid-state electronic devices for spin polarization controlcence(PL) lines at about 1.9 eV that have not been observed
of free carrier§3 have attracted tremendous interest becaus@ previous studies. These excitonic lines exhibit a giant
of their great potential for realization of spin electronics andmagnetic-field tunability by more than 240 meV for mag-
gquantum computation. One of the key elements of such denetic fields between 0 and 7.2 T, with an essentially constant
vices are magnetic or semimagnetic semiconductors that exaning slope of 34 meV/T. This is by far the largest value
hibit strong exchange interactions between free carriers an@bserved in any semiconductor and Corresponds to an effec-
localized magnetic moments, with strengths much largetive g factor as large as 1140. A detailed analysis of the
than in metals. This leads to a drastic enhancement of thgyperimental data shows that unlike the paramagnetic DMS,
free carrier spifZeeman splitting® and to the formation of here the magnetic-field-induced redshift of the PL emission
magnetic polarongMP) (Refs. 5-7 due to the ferromag- g gominated by the exciton Zeeman splitting, the huge tun-
netic alignment qf the localized spins within the Bohr rad'usability in EuTe is due tad-f exchange interaction between
of the free carriers. Usually, these effects are most P'O%te “semilocalized” excitons and the localized magnetic

nounced in paramag.netlc diluted magnetic semmondpctor&loments of the BU ions, which results in the formation of
(DMS) where the excitons are extended over several sites ci

magnetic ions. Although in antiferromagnetic semiconduc- 298 magnetic polarons.

tors or insulators such as MpRhe concentration of mag-

netic ions is much larger than in DMS, the carriers created,

e.g., by photoexcitation are usually strongly localizEden- Il. EXPERIMENT

. 8 . . . . . .
kel excitons.® This minimizes the interaction between the The EuTe samples studied in the present work were

&own in a Riber 1000 molecular-beam-epitaBE) sys-
Tem onto(111) oriented Bak substrates, using elemental ef-

In the present work, we have investigated the uniquerus'on cells for Eu and Te as beam flux sources. Bads the

magneto-optical properties of EuTe, which belongs to th&ubic calf:ium—fluoride crystal structure and its Iattjc;e con-
class of wide-band-gap magnetic semiconductors. The gstant deviates o_nIy by 6% from that of EuTe. In addition, the
monochalcogenides (K are classical Heisenberg magnets thérmal-expansion coefficient of Baks well matched to
due to exchange interactions between the localized magnetiat of EuTe, which prevents the buildup of high thermal
moments of the half-filled B 4f levels(spin1). Because Strains during cooling to cryogenic temperatures. Friom

of the opposite sign of the nearest- and next-nearest-neighbsitu reflection high-energy electron-diffractiofRHEED)
exchange integral, EuTe is antiferromagnetic of type-Il strucStudies, we find that the EuT@11) surface shows a very
ture. In contrast to other wide-band-gap antiferromagnets, istrong tendency fof100) facetation due to the resulting low-
EuTe, photoexcitation creates excitonseafended electrons ering of the free-surface energy. Therefore, two-dimensional
in the conduction band formed by the®ubd and 6 orbit-  (2D) layer-by-layer growth can be obtained only under pre-
als, and strongly localized holes within the half-filled cisely controlled growth conditions where the growing sur-
EW*' 4f levels. These # levels are located in between the face is kept close to the transition between the Eu- and Te-
conduction and the valence band, where the latter is formestabilized surface staté.These surface states can be easily
by the p orbitals of the chalcogenes. While all previous op-distinguished byin situ RHEED because of their different
tical studies of EuTe performed on powd@solycrystalline  surface reconstructiorisee Ref. 12 Under such conditions,
thin layers® or bulk crystal§'! showed only a very broad all epitaxial films show sharply streaked RHEED diffraction
luminescence at transition energies around 1.5 eV, we fingatterns throughout MBE growth and exhibit extremely

significant enhancement of the spin splitting or the formatio
of extended magnetic polarons does not occur.
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FIG. 1. (a) Scanning tunneling microscopy image of gu® 184 186 188 19 192 194

EuTe epilayer surface showing monatomic steps. The arrows indi- Energy (eV)
cate threadings of dislocations that penetrate the surfag&ock-
ing curve of the EuTe epilayer before annealing. FIG. 3. Luminescence spectra of the annealed sample within

bandB for various excitation intensitied {=10 Wi/cnt).
smooth surfaces. This is demonstrated by the scanning tun-

neling microscope(STM) image of a 3um EuTe layer regions: a broad luminescence bakdround 1.5 eV, which
shown in Fig. 1a). The flat surfaces only exhibit monolayer corresponds to the PL emission also observed by other
steps that are occasionally terminated by a threading dislquoups%o,n and bandB, which consists of two sharp emis-
cation [arrows in Fig. 18] that results from the growth on  gjon jines close to 1.9 eV. Within the broad PL bakdthe
the lattice-mismatched Bafsubstrate. The dislocation den- spectrum exhibits several maxima and minima with a regular
sity is typically of the order of 10 cm™2 Also shown in  gpacing of 77 meV. This is due to multiple interference of
Fig. 1(b) is the x-ray-diffraction rocking curve of th€€22  the pL |ight within the 3pm-thick layer. Both emission
Bragg reflection of a 3sm EuTe epilayer with a peak posi- phands occur at transition energies far below the fundamental
tion corresponding to the bulk lattice constant. The full W'dthabsorption edge at 2.25 ¥ which was determined from
at half maximum(FWHM) of the peak is only 220 arcsec, the high-energy cutoff wavelength of the transmission mea-
which indicates a rather good crystalline quality in spite Ofsurements, and which agrees well with the onset of the PL
the lattice-mismatched substrate. The layers also show &mission, marked by the arrow in Fig. 2.
clear antiferromagnetic phase transition at the bulkeINem- At 1.7 K, the PL of our epilayers depends sensitively on
perature of 9.6 K in SQUID magnetization measuremehts. the crystalline quality of the samples. This is demonstrated in
_For optical investigations, the; EuTe layers were capped Fig. 2 by a comparison of the PL spectrum of an as-grown
situ by a several hundred A thick Bafprotective layer in sample with that of a sample annealed at 400 °C for 5 min.
order to prevent surface oxidation. Magnetoluminescence exs spown in Fig. 2, the post-growth annealing results in a
perimepts were pgrfprmgd in a Faraday configuration using grastic increase of the PL peak intensity of ba&id(lg),
split coH_magnet giving f|eld§ in the range of 0—-8 T. The PL \\hile that of bandA (1,) decreases, such that the ratio
was excited by the 488-nm line of an Ar laser focused on thqB“A increases by a factor of 6. For a set of unannealed
sample to a spot size of about 190m and detected by a samples grown at various substrate temperatufes, (we
photqmultlplle_r with a spectral cutoff at 1.4 eV. The trans- 5156 have studied the PL intensities of bakdand B. We
mission experiments were performed using a 150-W halogefq the maximum of 5 at a substrate temperature of 355 °C,

lamp monochromized by a 0.25-m spectrometer. whereasl , becomes minimal for thi§s. The ratiolg/l

Typical 1.7-K PL spectra at zero magnetic field are showrnyacreases by more than a factor of 2 whendeviates by
in Fig. 2. The luminescence spectra can be divided into twa, 15°C from its optimum value. Furthermore, baAchar-

rows significantly upon annealing. In heavily doped EuTe
epilayers as well as in polycrystalline thin layers, we observe

MX

>

E 1 only luminescence from bandl This behavior indicates that
e annealed the broad band\ is caused by self-activated emission asso-
z at 400°C ciated with deep centers, as observed also in other wide-gap

semiconductor$}*® whereas the lines in bar®lclearly cor-
respond to excitonic transitions. This assignment is in con-
trast to all previous work on EuTe!! where the excitonic
emission lines were not observed.

Figure 3 shows PL spectra of the annealed sample within
the region of the excitonic emission lines as a function of
excitation power .. Forl,=10 Wi/cnt, we find a narrow
] ] emission line at 1.92 eV with a FWHM of only 10 meV,
FIG. 2. 1.7-K photoluminescence spectrum of the EuTe epilayetaying into account the monochromator resolution of 5 meV.

before and after annealing. The arrow indicates the absorption edglenis sharp linglabeledM X.) is accompanied by a broader
and the dashed line denotes the cutoff of the photomultiplier. p ling ) P y ’
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mined from transmission measurements as well as the observed PL
transition energies as a function of magnetic field.
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Temperature (K) nescence energy can be tuned continuously by more2#@n

meVeven by a moderate field of 7.2 T. This tuning range is

g ﬁF'G'tA" @ :-“rt"i”esce?ce Sprtra of tthe ?j””ealgd Sam?":hfo%\bout three times larger as compared to that achieved in all
ifferent sample temperatured) temperature dependence of the .-\ Hvs compounds.

PL transition energy of the main emission likEX;, and(c) energy
difference between the two emission lingsll dots) and the line-
width of the M X, peak(open symbols
I1l. DISCUSSION

50-meV-wide emission centered at 1.89 eV. With increasing . . . .
I, an additional narrow lineNi X,) appears at 1.88 eV. For N DMS, the exciton spin splitting causes a lowering of
1.>5l,, the PL peak intensity of both narrow lines linearly the band gap with increasing magnetic field. However, the
increases as a function of. corresponding redshift of the PL emission is considerably

The temperature dependence of the excitonic emissiofmaller than this spin splitting, because it is only equal to
lines is summarized in Figs(@—4(c). With increasing tem- half of the spin splittingminusthe Stokes shift of the PL at
perature, the intensity of th&1X, line rapidly decreases zero field due to magnetic polaron formatibiThe largest
whereas théV1 X, peak at 1.92 eV remains nearly unaffectedPL shifts are currently obtained in Mn-based ternary II-VI
[Fig. 4@)]. Below the Nel temperature of 9.6 K, the PL alloys with Mn concentrations above 10%For a
transition energies of both lines are essentially constant dedyxMn,Te sample withk=0.15, e.g., we have measured a
slightly decrease with rising temperature. Abdyg, a rapid  total PL redshift of 60 meV foH=7 T. A slightly larger
blueshift occurs with a total shift of more than 40 meV at 30value may be expected for ¢dMn,Se due to the higher
K, as shown in detail in Fig. @) for the MX, peak. Thus, Vvalue of the exchange integrdigut clearly these values are
the magnetic phase transition is directly reflected by a kinknuch smaller as compared to the EuTe case.
in the temperature dependence of the PL transition energies. For comparison with the results obtained for DMS, it is
As shown in Fig. 4c), at Ty, also a steplike decrease of the also useful to define an effectiggfactor (ger) by setting the
energy splitting between the twd X PL transitions occurs, observed magnetic-field shift of the PL energies equal to
from 33 meV 49 K to 20 meV at 10 Ktogether with the  0.50ertupH, Whereu,, is the Bohr magneton. With this rela-
appearance of a sharp maximum in the temperature depefion, we obtain a constags=1140 & 2 K for EuTe. While
dence of the FWHM of thé1 X, line at the phase-transition this is comparable to the maximum values for DMS at low
temperature. At 40 K, both exciton emissions are completelfields, for EuTe thisgey; is essentiallyindependentof H,
quenched. whereas in DMS it strongly decreases with increasing field.

The most striking feature of the PL emission lines is theirln fact, the field dependence in DMS is given bydlimes a
huge redshift in applied external magnetic fielty. As is  Brillouin function of H. Figure &a) shows the temperature
demonstrated in Figs.(& and Fb), with increasing field H dependence of the effectiefactor of EuTe, deduced from
both excitonic PL lines rapidly shift to lower energies andthe MX; transition at 5 T. As for the PL transition energies
the splitting between them continuously decreases. ThEFig. 4(b)], a kink in ge is observed at the magnetic phase-
emission energy of thil X, peak exhibits a linear magnetic- transition temperature, which is slightly shifted to below 9 K
field dependencgsee Fig. )] even up to the critical field because of the reduction @ in the applied external field.
of EuTe of 7.2 T, where the antiferromagnetic-paramagnetidVithin the antiferromagnetic phasges is independent of
phase transition occuf§.From the experimental data, the temperature, whereas fdr>Ty (paramagnetic phaseges
slope of this redshift iIAE/H=—34 meV/T, i.e., the lumi- decreases monotonically with rising temperature. In the para-
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1200 T T T fields, dominated by thd-f interactions, which is again in
good agreement with the results shown in Fig)5

A final point of discussion is the origin of the two exci-
tonic PL peaksM X; and M X,. At first glance, one would

o
o

1100

= 30} 8o al/(H-H)
8 £ expect these lines to be associated with the emission from
g 1000 o localized magnetic polarons, respectively, with emission
- w 20 ! -
o < from polarons trapped to shallow impuritieM,). How-
900 L ever, the temperature dependence of ¥h¥, emission be-
10F havior shown in Fig. &) shows that the peak separation
(a) (b) between theM X; andM X, lines rapidly decreases with in-
800 L L L olb—— creasing temperature with a steplike change at thel Ne
0 4 8 12 16 0123456 7 point, accompanied by a pronounced maximum of the PL
Temperature (K) Magnetic Field (T)

linewidth. Similar observations have been reported for the
luminescence behavior of antiferromagnetic insulators such
FIG. 6. (a) The effectiveg factor determined for tht1X; tran-  as BaMnR,*® where the luminescence is dominated by in-
sition at a magnetic field of 5 Th) Energy splitting between the teratomic transitions within the M ions. Thus, our obser-
MX; andM X, emission lines versus magnetic field. vations are an indication that théX, peak rather represents
a magnon side band created by subsequent or simultaneous
magnetic phaseay can be fitted by a Curie-Weiss tempera- emission of magnons and photons, an interpretation that is
ture dependence @=C/(T+0), giving ®=24 K. consisteri® with the measured H dependence of the
There are two further significant differences between theM X;-MX, energy splitting AE; ,) that is shown in Fig.
exciton emission in EuTe compared to that in DMS, asg(b). Finally, it is also noted that the magnetic-field-induced
shown in detail in Fig. &). First, the EuTe absorption edge redshift of the PL emission in our samples can even be in-
is much less magnetic-field-dependent than the PL transitiooreased by tilting the external magnetic field away from the
energies60 meV redshift of the band gap versus 240-meVsurface normal direction. This effect could be due to a strain-
PL shift at 7 T), whereas the opposite is observed for theinduced magnetic anisotropy of the layers, which leads to the
DMS. Secondly, the difference between the PL energy anéxpectation that in strain-engineered heterostructures of
that of the absorption edgeStokes shift of 300 meV in EuTe layers with tailored magnetic anisotropy, the giant PL
EuTe is about 10 times larger as compared to the Stokes shifédshift could be further increased. Also, it is noted that be-
in 11-VI DMS.’ cause of the weaker antiferromagnéefti€ coupling, an even
Clearly, this large Stokes shift as well as the giantlarger PL shift than in EuTe can be expected for the antifer-
magnetic-field tunability of the PL in EuTe is caused by theromagnetic EuSe.
formation of magnetic polarons duedef exchange interac-
tions betweerd electrons in the conduction band and elec- IV. SUMMARY
trons localized in the half-filled #orbitals of the E&" ions.

The magnetic moment of these polarons is much larger com- In summary, we ha\_/e _demong,trated unique eXC|t_onI|ke
pared to those in Mn-based II-VI DMS because(f the photoluminescence emission of high quality EuTe epilayers

; . . : ith giant magnetic-field tunability. The observed PL energy
localized nature of the photoexcited excitons in EuP¢the wit .
higher density of magnetic iong3) the larger spin of the shift of 240 meV at 7.2 T as well as the Stokes shift of 300

magnetic ions = for EL?* compared te= ¢ for Mn2*), meV is by far larger than in any other magnetic semiconduc-

and (4), because of the six times smaller antiferromagnetic-tor' In contrast to the diluted magnetic semiconductors, the

: ic ions, which has trtgansitio.n .energi-es of the emission lines vary linearly with
E)écgz)l%i Zc:)utp(y?grgemsgﬁetieprglzggﬁgc ons, whic magnetic field with a slope of 34 meV/T, and they show a

This interpretation is supported by recent numerical cal-mUCh larger mggnetic-field dependeng:e as compared to that
culations of optical transitions by Umeharan these calcu- of the absorption edg_e. The magnetlc-ﬂelc_i depen_dence as
lations, the spontaneous magnetic ordering of thesgins well as the PL blueshift above the magnetic ordering tem-

and the magnetic polaron formation induced 6y ex- perature is explained by the formation of large magnetic po-

change interactions is taken into account, as well as the Codﬁ‘rons due tad-f e_xchange Interactions. Th(la'g|ant tunability
f the photoluminescence could be utilized for novel

lomb interaction between photoexcited electron-hole pairé) ) ; e
and the electror(hole) -optical-phonon interactions. These magneto-opiical devices such as magnetic-field tunable la-

calculations predict a distinct temperature dependence of thesrs: detectors,_qnq modulators. The hgdactor als_o pro-
PL transition energy due to thixf interaction, with a con- vides new possibilities for the development of devices based

stant emission energy for temperatures uff g9 and a sub- on Epin-polarized c?rriers such as spin trans]istor; and If.ilter's,
sequent blueshift of 20 meV when the temperature rises frofis S been recently sugg_esteld to ?ﬁe used for the realization
Ty to 2* Ty due to the shrinking of the polaron size. This is of spin-based quanium logic elemefits.

exactly the behavior shown in Fig(l3), except that the ex-
perimental blueshift aboveTis larger than the theoretical
prediction. Furthermore, the calculation predicts a linear red- This work is supported by the FWF, the GME, and the
shift of the PL transition energy in increasing magneticAustrian Academy of Sciences.
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