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Th e compl icate d (H ; T )-ma gnetic pha se diag ram of E uSe is caused by
the critical balance b etw een nearest and next nearest neighb our exchange in-

teraction ( J NN = 0 :119 K and J NNN = À 0: 1209 K ) and leads to various spin
arrangements N N SS. . . , N SN . . . , N N S, N N N . . . [NS denotes opposite ferro-
magnetic order in ad j acent (111) planes ]. Beside the subtle local exchange of
5 d -t 2 g electrons and locali zed holes w ith neighb ouri ng Eu- 4 f spins, ob viousl y

also the strain status in Ûuences the occurrence of these di ˜erent phases. W e
investigate the magnetic ordering phenomenon in a strained 2.5 ñ m EuSe
Ùlm on Ba F 2 substrate by SQ U ID magnetometry and magneto- optics li ke

spectral Faraday- and K err- e˜ect measurements for temp eratures from 2 K
up to 200 K and for magnetic Ùelds up to 5 T . T he magneto- optical prob e
monitors the lo cal environment of the photo excited electron {hol e pair, called

magnetic exciton, located w ithin a ferromagnetic surroundi ng (photoinduce d
magnetic p olaron), whereas the integral magnetizati on measured by SQ U ID
is most sensitiv e to long- range magnetic ordering. In spite of the dissimil ari ty
of measurement techni ques we Ùnd an inÛuence of the long- range magnetic

order (e.g. of the N N S- or N N N -matrix) on the non- resonant K err reÛection.
T he complementarity of SQU ID and magneto- optical metho ds is stringent
only in the (resonant) spectral regime, where magnetic p olarons are formed.

PACS numb ers: 75.50.Pp, 78.20.Ls, 07.55.Jg

1. I n t rod uct io n

Am ong the tra di ti onal magneti c semiconducto rs EuX (X = O, S, Se, T e) [1]
the metam agneti c EuSe pl ays an excepti onal ro le: the exchange intera cti on be-
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t ween nearest neighbour (NN) local ized 4 f 7 -Eu-spins (hereafter ref erred to as
f -spi ns) is nearl y cancelled by the second nearest neighb our (NNN) anti ferrom ag-
neti c intera cti on. The corresp ondi ng Eu{ Eu- exchangeconstants are J N N = 0:119 K
and J N N N = À 0:1209 K [2]. As a result of thi s com peti ti on the conducti on elec-
tro n in EuSe exci ted in an absorpti on pro cess becom es a prom inent candi date for
a self -tra pped m agneti c polaron wi th characteri sti c red-shi fts in absorpti on and
lum inescence spectra [3, 4]. The equal strength of countera cti ng exchange ẽ ects
pro vi des also a ri ch magneti c phase diagram in dependence on tem perature and
m agneti c Ùeld: in bul k crysta ls a (typ e-I I) anti ferromagneti c NSNS- orderi ng in sub-
sequent (111)- latti ce pl anes is reported [1] for low tem peratures (T < 1 : 8 K) and
for low m agneti c Ùelds (B < 0 : 0 5 T), a ferri m agneti c NNSNNS- orderi ng for inter-
m ediate tem peratures and Ùelds (1.8 K < T < 4 : 6 K, 0.1 T < B < 2 : 5 T) and an-
other (typ e-I) anti ferrom agneti c NNSSNNSS- orderi ng close to the Curi e-tra nsi ti on
tem perature T c = 4:6 K. T ensile mechanical stra in as natura l ly exerted in epi ta xi al
layers (l ike in our sam ple of 2.5 ñ m EuSe on BaF 2 substra te due to therm al stra in)
could substanti ally m odi fy the magneti c phases. In EuT e an appl ied pressure of
17 GPa tra nsform s the ori ginal ly anti ferrom agneti c state into a ferrom agneti c one
[5], sim i lar e˜ects of streng theni ng of ferrom agneti c order are expected in EuSe.
W e present in thi s paper a m ainly exp erimenta l , but com prehensi ve study of m ag-
neti zati on experim ents (SQUI D magneto m etry , magneto -opti c Faraday- , Kerr ro-
ta ti on) over a wi de range of temperatures (2{ 200 K) and m agneti c Ùelds (0{ 5 T),
to extra ct the essential magneti c features of stra ined EuSe.

2. SQU I D m agnet om et r y

The magneti c state of EuSe/ BaF2 has been m oni to red by D C m agneti za-
ti on (M ) m easurements usi ng a Quantum Design MPMS- XL- 7 SQUID m agne-
to m eter, mappi ng M (B ; T ) in a wi de magneti c Ùeld (B ) and temperature (T )
range. Fi gure 1a shows the in-pl ane m agneti zati on from 1.8 K up to tem peratures
Ñ T c , Fi g. 1b the high- tem perature range 2 0 K ç T ç 2 0 0 K. For the latter
case, the paramagneti c l im it (l abelled as Curi e{ WeissÙt in the Ùgure) holds wi th
hi gh accuracy i f the lower trunca ti on of the T -Ùt is set not lower tha n 20 K. If
one guesses T = 5 K from the turn- down of curves in Fi g. 1a, the Ùtted para-
m agneti c Curi e{W eiss tem perature ˚ = 7:6 K exceeds considerably T , whi ch
indi cates a vi olati on of the com monly used m ean-Ùeld descripti on. The occur-
rence of di ˜erent phases is evi dent by insp ection of the M ( T ) -curves in the re-
gion I I (Fi g. 1a), where the curv ature is al tered f or B 0:2 T. Thi s is inter-
preted as cri ti cal Ùeld f or a tra nsi ti on from the ferri m agneti c NNSNNS- phase to
the ferrom agneti c NNNNNN- phase. A simpl e calcul ati on in whi ch the externa l
Zeeman-energy surm ounts the exchange energy for the reversa l of S-spin to N- spin
yi elds: 2 g ñ S B 1 2 J + 6 J wi th B 0:23 T in good agreement wi th the
exp eriment. A separate zoom wi l l be perform ed in region I (Fi g. 1a) for a possible
indi cati on of a typ e-I I anti ferrom agneti c phase tra nsiti on in Fi g. 3.
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Fig. 1. Magnetizati on measured by SQU ID for in- plan e magnetic Ùelds (a) up to 2.5 T

and 10 K , (b) up to 200 K for B = 0 : 05 T together w ith a C urie{W eiss Ùt.

An exact determ inati on of the Curi e tem perature from Fi g. 1a is ambiguous,
since for thi n sampl es su£ ci ent signal is only obta ined for rather high m agneti c
Ùelds (> 0 : 0 2 T) wi th a concomi ta nt roundi ng of the M (T ) characteri sti cs. There-
fore we have Ùtted Arro tt plots [6] to the data in both tem peratusre regions I
and II, ta ki ng into account tha t EuSe belongs (beyond mean-Ùeld appro xi mati on)
to the Hei senberg uni versal i ty class. Fi gure 2a shows for various tem peratures
(reg ion I I) the plot M 1 = Ù = a ( B =M ) 1 = Û

À b( T À Tc ) as stra ight l ines to B -data
points (B > 0 : 1 T). It dem onstra tes the validi ty of the Hei senberg appro ach in
such m oderate m agneti c Ùelds (otherwi se satura ti on leads to a turna round of the
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Fig. 2. A rrott plots using the H eisenberg critical exponents in the temp erature

range T = 3 : 9À 4. 9 K with linear extrap olation to determine the critical temp erature

T c = 4 :1 K (a), A rrott plots in the low temp erature range T = 1 : 8À 2. 5 K (b). Let us

note the reversed ordering of plots w ith varying temp erature b etw een (a) and (b).

Arro tt plots). The l ine whi ch intersects (by extra polati on) the point of ori gin des-
ignates the (T = T c ) isotherm . W e obta in T c = 4:1 K, slightly lower tha n bul k
T c = 4:6 K. In addi ti on, a ll extra polated Arro tt isotherm s are stri ctl y para l lel
to each other whi ch exclude biquadra ti c contri buti ons to the exchange Ha mi l to -
ni an as quoted in bul k EuSe [7]. Fi gure 2b shows Hei senberg Arro tt pl ots in the
low Ùeld/ low tem perature range (I), for whi ch typ e-I I anti ferrom agneti c orderi ng
is expected. Surpri sing ly Arro tt plots Ùt the data very well also in thi s T -range,
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Fig. 3. Magnetizatio n measured by SQU I D as a function of magnetic Ùeld in the Ùeld

regime (B = 0 À 0.08 T ) for temp eratures from 5.3 K dow n to 2.1 K . Let us note the

non- monotoni city w ith temp erature.

whi ch advi sesa predom inance of the ferri m agneti c phase in contra st to bul k EuSe.
Ho wever, the sequence of pl ots from lower to hi gher tem perature is reversed wi th
respect to Fi g. 2a and the slope changes. Both Ùndi ngs indi cate a tendency to an-
ti ferrom agneti c orderi ng. A deÙnite orderi ng tem perature canno t be revealed f rom
these plots since they intersect the abscissa wi tho ut crossing the point of origin.

The tendency to ward anti ferrom agneti c NSNS-orderi ng can be di rectl y pro ved
by m easuri ng the magneti zati on at su£ cientl y low m agneti c Ùelds (B < 0 : 0 8 T),
as shown in Fi g. 3. For T = 5 : 3 K the l inear paramagneti c response is m easured,
wherea s for tem peratures down to 3.7 K the magneti zati on increases m onoto ni -
cal ly wi th a tendency to satura ti on of the NNSNNS- pha se. Bel ow T = 3 : 7 K the
slope again decreases whi ch can onl y be expl a ined by som e compensati on of m ag-
neti c m oments wi th decreasing tem perature due to form ati on of anti ferromagneti c
cl usters. Ho wever, the exp eriment does not pro ve the exi stence of a long-range
sponta neous anti ferrom agneti c orderi ng (at least for T > 2 : 1 K).

The B -dependent magneti zati on for vari ous temperatures is shown in Fi g. 4a
(wi th detai led zoom for low Ùelds in Fi g. 4b). In strong Ùelds (> 0 : 5 T) the
m agneti c order tends to ferrom agneti c (NNNN) satura ti on, whereas for B < 0 : 3 T
near T = 2 : 1 K the ferri m agneti c NNSNNS plateau is reached at exactl y 1/ 3
of the ferrom agneti c satura ti on as expected. D ue to the stra in in the layer the
NNSNNS structure is pro gressivel y pushed to the ferromagneti c NNNN state for
increasing T to ward 4.5 K. The up- turn of the T = 2 : 1 K curve near B = 0 : 2 T
dem onstra tes the instabi l i ty of the ferri magneti c phase in good agreement wi th
our form er estim ate for B c = 0:15 T.
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Fig. 4. (a) Full magnetizatio n scan measured by SQU ID up to 2.5 T for temp eratures

from 2. 1 K up to 5.3 K . The ferrimagnetic phase is show n in the dashed rectangle ;

(b) enlarged scale for the ferromagnetic phase, as depicted by the rectangle in panel (a).

3. Mag n et o-o p t ics

The integra l m agneti zati on measured by SQUID su˜ers from possible para-
m agneti c im puri ty signals and from overwhel ming diam agneti c contri buti on of the
BaF 2 substra te (m ostl y severe in thi n Ùlm sampl es). Al beit such a handi cap can be
excluded in our exp eriments, m agneto -opti cal studi es represent a more local probe
of magneti zati on, whi ch is of parti cul ar im porta nce in meta magneti c EuSe wi th a
tendency to magneti c polaron form ati on. In the m agneti c excito n m odel [8, 4] the
electronic tra nsi ti on 4 f 7

! 4 f 6 5 d ( t 2g) l if ts an electron to the more delocal ized 5 d
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orbi tal . It is bound by exchange intera cti on to the spin-polari zed hole left behind
in the 4 f state. The adjacent Eu atom s of thi s hole become spin-polarized and
thei r latti ce positi ons are shifted (rel axed) to ward the hole, form ing the photo in-
duced local ized m agneti c polaron (PILMP). Interesti ng ly, the energy of 5 d elec-
tro n recom binati on wi th the 4 f hole (m oni to red by photo lum inescence) is strongly
red-shi fted by the PILMP tra ppi ng. Ma gneto -opti cs in absorption does not di rectl y
deal wi th thi s stro ng red-shift e˜ect near T c and at low Ùelds (thus the absorpti on
energy gap is 2.1 eV at 4.2 K, in contra st to the emission energy gap 1.47 eV
at 2 K for the PILMP- photo lum inescence pro cess). Neverthel ess, the Faraday ro-
ta ti on as shown in tra nsmission in Fi g. 5 is remini scent to such a picture since
the increasing B -Ùeld induces a red-shi ft of 0.24 eV (as seen from the crosses in
the spectra of Fi g. 5), especial ly evi dent in the cri ti cal regim e T ¤ Tc . Al so a Ùne

Fig. 5. Faraday rotation as a function of near- band- gap w avelength (f or EuSe) at

various magnetic Ùelds. T he several plots are shif ted to each other by 50£ for better

visibi l ity . T he dashed line at Ñ = 75 6 nm is a ref erence w avelength for the K err spectrum

show n in Fig. 6.

structure to the left of the cro ssesis resolved in the to pm ost curves for B > 1 : 5 1 T,
whi ch reÛects a concomi ta nt m agneti c-Ùeld- induced latti ce di storti on, mediated by
electron{ pho non and spin{ phonon, i .e. spin orbi t (SO), intera cti on of the exci ted
5 d electron [3]. The dashed-dotted line denotes the spectra l positi on where sup-
pl ementi ng Kerr- ro ta ti on spectra have been measured as a functi on of m agneti c
Ùeld. The wa velength Ñ = 7 5 6 nm (1.64 eV) is su£ cientl y below the fundam ental
gap to avoid di rect inÛuences from PILMP- and SO-e˜ects. Fi gure 6 shows m ag-
neti zati on curves m easured by Kerr ro ta ti on at thi s wavel ength. For a m agneti c
Ùeld B ¤ 0 : 7 T (m ark ed by an arrow) a slight bum p is observed for tempera-
tures between 2 K and 3.5 K, whi ch corresponds to the f errim agneti c plateau in
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Fi g. 4b. Since no m agneti c polaron is form ed in thi s spectra l region, Faraday ro-
ta ti on pro bes solely the circul ar bi ref ringence induced by the long-range m agneti c
order as i t is also measured by the SQUID . Let us note tha t in our magneto -opti c
exp eriments the m agneti c Ùeld is perpendicul ar to the sampl e in contra st to the
SQUID experim ent where the Ùeld is in-pl ane! T aki ng into account the dem ag-
neti zati on e˜ect, the spectrum of Fi g. 6 can be rescaled to the correct bui lt- in
m agneti c Ùeld B i whi ch equates the Ùeld appl ied in the SQUID experim ent. An
independent check has been perform ed (but not shown) by rotati ng the sampl e
about 90£ in the SQUID pick-up coil .

Fig. 6. K err rotation as a function of magnetic Ùeld for various temp eratures at a

w avelength Ñ = 756 nm in the transparent regime of EuSe. For b etter visib il i ty the

plots are shif ted by 5 £ each.

In summ ary, SQUID and m agneto-opti c (MO) experim ents pro vi de sim i lar
resul ts as far as spectra l dependenci es in the m agneto -opti cal tra nsiti ons are care-
ful ly disti ngui shed. Due to the local form atio n of the m agneti c excito n, the imme-
di ate vi ci ni ty of the photo created electron{ hole pai r is probed in the near-band-gap
MO experim ent. Resonant absorpt ion generates a f erromagneti c parti cl e (m agneti c
polaron) centred around the local ized electro n{ hole pai r, theref ore the MO spectra
reveal m ore or less ferrom agneti c behavi our i rrespecti ve of ferri - or anti ferrom ag-
neti c matri ces, present in meta magneti c EuSe. Ho wever, the long-range m agneti c
order can be also resolved in a thi n epi ta xi al EuSe Ùlm by non- resonant MO , as
dem onstra ted in Fi g. 6. SQUID data are always col lected under the acti on of a
m agneti c Ùeld. Thi s paper pro ves the Arro tt plot as a useful to ol for the evalua-
ti on of m agneti zati on data in Ùnite Ùelds. Epi ta xi al EuSe is under tensi le stra in on
BaF 2 substra te, whi ch streng thens the f errim agneti c orderi ng near Tc on the cost
of the NNSS-phase. The latter is quenched by the latti ce distorti on and spin{ orbi t
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intera cti on. The (typ e-I) NNSS- anti ferromagneti c pha se near Tc as observed in
bul k EuSe could not be detected in the stra ined EuSe Ùlm , but the exp eriments
pro vi de som e evi dence for the other ki nd of (typ e-I I) anti f erromagneti c order at
tra nsiti on tem peratures com parable to the bul k.
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