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Magnetic resonant x-ray diffraction study of europium telluride
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Here we use magnetic resonant x-ray diffraction to study the magnetic order in a 1.5 wm EuTe film grown
on (111) BaF, by molecular-beam epitaxy. At Eu Ly; and Lyj; absorption edges, a resonant enhancement of more
than two orders was observed for the o— 7" diffracted intensity at half-order reciprocal-lattice points, consis-

tent with the magnetic character of the scattering. We studied the evolution of the (215y magnetic reflection

with temperature. When heating toward the Neel temperature (Ty), the integrated inteznzsizty decreased monoto-
nously and showed no hysteresis upon cooling again, indicating a second-order phase transition. A power-law
fit to the magnetization versus temperature curve yielded Ty=9.99(1) K and a critical exponent 8=0.36(1),
which agrees with the renormalization theory results for three-dimensional Heisenberg magnets. The fits to the
sublattice magnetization dependence with temperature, disregarding and considering fourth-order exchange
interactions, evidenced the importance of the latter for a correct description of magnetism in EuTe. A value of
0.009 was found for the (2j;+j,)/J; ratio between the Heisenberg J, and fourth-order j, , exchange constants.
The magnetization curve exhibited a round-shaped region just near 7, accompanied by an increase in the
magnetic peak width, which was attributed to critical scattering above 7. The comparison of the intensity ratio
between the (%%%) and the (1%1%1%) magnetic reflections proved that the Eu>* spins align within the (111)

111
222

planes, and the azimuthal dependence of the (557) magnetic peak is consistent with the model of equally

populated S domains.

DOI: 10.1103/PhysRevB.78.134423

I. INTRODUCTION

Resonant x-ray diffraction is an useful technique for the
study of magnetic materials.! The intrinsic weakness of mag-
netic relative to charge diffraction intensities is partially
overthrown in resonant diffraction with the strong intensity
enhancement occurring at core absorption edges.” The avail-
ability of very intense white synchrotron sources has been
fundamental for the development of this technique. Com-
pared to well established neutron diffraction, magnetic x-ray
diffraction has the advantage of a higher resolution inherent
to synchrotron sources, useful, for example, in the study of
magnetoelastic effects accompanying phase transitions? and
phase coexistence phenomena.

The magnetic properties of europium chalcogenides EuX
(X=0,S,Se,Te) have been extensively studied because of
the strong localized moments which make them classical
Heisenberg magnets. Their magnetic properties arise from
the half-filled 4f shells of Eu?* cations. They have NaCl
crystal structure, and their magnetic ordering depends on the
anion, which affects the lattice parameter, the crystal field,
and ultimately the nearest-neighbors J; and next-nearest-
neighbors J, Heisenberg exchange constants.’ The last mem-
ber of this series, EuTe, has a type-1I, MnO, antiferromag-
netic (AFM) structure below the Neel temperature
Ty=9.6 K for the bulk material.’ Early studies demonstrated
that the sublattice magnetization lies in the (111) planes. The
spins are parallel within the (111) planes and antiparallel
with those spins in adjacent (111) planes. The four equivalent
(111), (=111), (1=11), and (11-1) planes result in the for-
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mation of the so-called 7 domains. Additional in-plane an-
isotropy favors spin alignment in any of the three equivalent
(11-2) azimuths, forming the S domains.”

Below Ty, the AFM ordering of EuTe provides a straight-
forward separation between charge and magnetic diffraction
peaks. In a very recent work, we used resonant x-ray diffrac-
tion to study the magnetic order in EuTe/PbTe multilayers.®
We were able to measure the magnetic diffraction signal
from a 40 monolayers EuTe film and the interlayer correla-
tions among the individual EuTe layers in a EuTe/PbTe su-
perlattice. In this work, we present a detailed study of the
magnetic ordering of a 1.5 um EuTe epitaxial film as a
function of temperature using resonant x-ray diffraction. We
investigate the resonant behavior at the Eu Ly; and Ly ab-
sorption edges, where the magnetically diffracted intensity
was found to increase by more than two orders. The high
counting rates at resonance allowed to study the evolution of
the magnetic peak with temperature, even close to Ty, ob-
taining information about the magnetic transition order, tem-
perature, and critical exponent S. The fits to the temperature
dependence of the sublattice magnetization showed the im-
portance of fourth-order interactions for a proper description
of magnetism in EuTe.

II. EXPERIMENT

An EuTe film of 1.5 um was grown on (111) oriented
BaF, substrate in a Riber 32P molecular-beam epitaxy
(MBE) system equipped with Eu, Te, and BaF, sources. The
freshly cleaved BaF, substrate was preheated to 400 °C for
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15 min and was kept rotating during the growth to ensure
maximum uniformity. A thin BaF, protective layer was
grown on top of the EuTe film to avoid oxidation. The rock-
ing curve measured with a Philips X"Pert MRD diffracto-
meter around the (222) EuTe Bragg peak exhibited a full
width at half maximum (FWHM) of 300", indicating high
crystalline quality.

The resonant x-ray measurements were made at the
XRD2 beamline, placed after a dipolar source, at the Brazil-
ian Synchrotron Facility.” The beam was vertically focused
with a bent Rh-coated mirror, which also filtered higher-
order harmonics. A double-bounce (111) Si monochromator
was placed after the Rh mirror, achieving an energy reso-
Iution of 5 eV. The beam is focused at the sample position in
a spot of 2 mm (horizontal) X 0.6 mm (vertical), with a
flux of the order of 10'" photons/s. The sample was
mounted in a cryostat, which was itself mounted onto the
Eulerian cradle of a Huber 4+2 circle diffractometer, with
vertical scattering plane. The cryostat is a closed cycle cry-
orefrigerator ARS Displex DE-202, whose last stage consists
of an open cycle Joule-Thompson circuit. The system
achieves a base temperature of 1.6 K, with stability of
*0.001 K. Three beryllium domes separate the sample in
the cryostat vacuum from the atmosphere. A scintillation de-
tector was used in all experiments except for the measure-
ments of the magnetic peak for different azimuths, where a
solid-state Canberra detector was employed.

A commercial superconducting quantum interference de-
vice (SQUID) magnetometer MPMS-5 from Quantum De-
sign was used for the magnetization measurements.

III. RESULTS AND DISCUSSION

A. Resonant behavior at Eu Ly; and Ly absorption edges

Half-order peaks, with hkl (%%%), (1%1%1%), etc., ap-

peared when the sample was cooled below the Neel tempera-
ture. To test the magnetic origin of the half-order reflections
we used a graphite analyzer. The reflections (003) and (001)
of the analyzer corresponded to scattering angles 26 of 93.3°
and 27.96°, respectively, for the wavelength 1.6289 A of the
Eu Ly edge. The intensity of o-polarized radiation incident
on the analyzer will reduce according to the reflecting power
of each analyzer reflection, while that of 7-polarized incident
radiation will suffer additional weakening proportional to
cos?(26).! Hence, the (003) reflection selects the o— o’
scattering from the sample, while the (001) reflection does
not discriminate o— o’ from o— 7’ scattering channels.
The intensity ratio of the o— ¢’ (222) EuTe charge reflec-
tion for the (003) and (001) analyzer reflections was 0.204.
Meanwhile, the intensity ratio of the (%%%) EuTe reflection
was only 0.012, signaling nearly pure o— 7' scattering, con-
sistent with the magnetic origin of the reflection in a dipolar
resonance.

Sweeping the energy across the Eu Ly and Ly edges re-
sulted in a strong intensity enhancement of the EuTe half-
order magnetic reflections in more than 2 orders of magni-
tude, as shown in Fig. 1 for the (1%1%1%) magnetic peak.
The measurements were made at 1.6 K and later corrected
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FIG. 1. Energy dependence of the (1%1%1%) EuTe magnetic
peak integrated intensity, corrected for absorption, and fluorescence,
measured around Eu Ly (a) and Ly (b) absorption edges.

for self-absorption. The fluorescence yield was also mea-
sured as a function of energy. The Eu L;; and Ly absorption
edges, determined as the maximum value of the fluorescence
first derivative, were at 7609.5 and 6970.9 eV, respectively.
Maximum intensity enhancements of the magnetic reflec-
tions occurred at 7612 eV for the L;; and at 6971 eV for the
Ly Eu absorption edges. Squared Lorentzian fits to the reso-
nance curves yielded resonance widths of 6.2 and 5.6 eV for
the Ly; and Ly absorption edges, respectively, after deconvo-
lution with the beam energy width.

The resonant enhancements over two orders observed
here at Ly; and Ly edges of Eu can be compared to those of
gadolinium in a study of Gd,lIrIng, where an intensity in-
crease of over 3 orders of magnitude was observed at the
same absorption edges.” The resonant enhancement depends
on the magnetic polarization of the rare-earth 5d electronic
levels involved in the dipolar transition 2p — 5d. The polar-
ization occurs by hybridization with 4f magnetic electrons,
and in Gd,IrIng it occurs via In 5p electrons, or on-site
Gd 4f-5d, since the Gd ions occupy noncentrosymmetric
sites.2 For EuTe, the centrosymmetric structure does not al-
low on-site hybridization, and the polarization would occur
only through the neighboring Eu and Te atoms, which may
explain the smaller resonances observed.

B. Temperature dependence of magnetic EuTe Bragg peaks

In order to investigate the transition to the AFM ordered

state, we measured 6/26 scans along the (%%%) magnetic
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FIG. 2. 6/26 scans along the (553) magnetic reflection for dif-

ferent temperatures, measured at Eu Ly edge.

peak for different temperatures between 1.7 and 11 K
(Fig. 2). The peak shape was always symmetric, denoting no
significant strain gradient. During these measurements, the
intensity was normalized with a monitor detector placed be-
fore the sample to compensate for the steady decrease of the
beam flux after injection. High counting rates, up to 39 000
counts/s for the lowest temperature (Fig. 2), proved both the
sample quality and the suitability of the technique to analyze
EuTe thin layers.

Figure 3(a) shows the temperature dependence of the nor-
malized sublattice magnetization obtained from the square
root of the magnetic peak integrated intensity. The magneti-
zation decreases continuously to zero as the transition tem-
perature is approached, indicating a second-order phase tran-
sition. Measurements of the magnetic peak during heating
and cooling showed no hysteresis, also signaling a second-
order phase transition. The phase transitions for both MnO
and EuTe in the unstrained state are expected to be of first
order within renormalization theory.'®!! The presence of
strain above a certain threshold value should be able to in-
duce a second-order phase transition beyond a tricritical
point, which has been demonstrated for MnO.!'? The pres-
ence of biaxial strain in our EuTe film does not allow us to
draw any conclusions on the transition order of unstrained
EuTe. However, it must be stressed that first-order phase
transitions were also predicted for materials such as CeS,
CeSe, and CeTe, whose transitions appear continuous within
experimental accuracy.'’

To obtain the transition temperature 7 and the critical
exponent 3, the sublattice magnetization versus temperature
data were fitted with a power law in the region 0.1>¢
>0.006, where ¢=(Ty-T)/Ty is the reduced temper-
ature [Fig. 3(a) inset]. The fit yielded T»=9.99(1) K and
B=0.36(1). The same results are obtained when reducing the
fitting range to 0.05>¢>0.006. The upper temperature
boundary of the fitting interval leaves a narrow round-shaped
region of the magnetization curve near T outside of the fit.
In the rounded region, an increase in the magnetic peak
width was observed as the temperature increased [Fig. 3(b)].
The transition temperature obtained coincides with that
found from magnetization versus temperature SQUID mea-
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FIG. 3. Normalized sublattice magnetization, obtained from the

square root of the (311 magnetic peak integrated intensity, is

shown in (a) as a funzcii%)n of the squared temperature along with
theoretical models disregarding (dotted line) and considering (solid
line) fourth-order interactions. The inset magnifies the region clos-
est to the Neel temperature and shows a power-law fit (solid line)
from which the critical exponent 8 and Ty were obtained. The
magnetic peak full width at half maximum is shown in (b). The Ty
obtained from SQUID magnetization measurements shown in (c)
agrees with diffraction results.

surements [Fig. 3(c)], where Ty was taken as the point where
M varied the most.®

The rounded region of the magnetization curve can be due
to critical scattering above T, as suggested by the increasing
peak width within this region [Fig. 3(b)], or to strain inho-
mogeneities within the sample. For EuTe, next-nearest-
neighbor exchange constant J, and the ordering temperature
Ty are only slightly dependent on lattice parameter.' Strain
inhomogeneities able to produce a spread on T, over
~0.15 K would also produce peaks about 10 times wider
than observed here. Besides, if the rounded shape was a re-
sult of strain inhomogeneities, in the vicinity of 7 only the
more strained regions, still having magnetic order, would be
able to scatter, leading to a shift of the peak to lower 6 as T
increases,'> which is also not observed. The rounded shape
of the magnetization curve around 7Ty is then ascribed to
critical scattering above Ty.
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TABLE 1. Values of a*=d\h*+k*+[> for different ikl Bragg
reflections measured at 15 K. The offset (@) and x-ray penetration
depth (z) are also given for each reflection.

a*=d\h*+k*+ P a z
hkl (A) (deg) (pem)
111 6.5874 0 0.43
222 6.5875 0 0.86
224 6.5849 19.47 0.97
313 6.5843 22.00 1.00
202 6.5797 35.26 0.34
115 6.5786 38.94 0.33
024 6.5781 39.23 0.22
3-11 6.5726 58.52 0.83

To obtain more information on the strain state of the
sample, we measured at 15 K several symmetric and asym-
metric structural reflections, with different offsets « relative
to the normal direction and hence different penetration
depths (Table I). The lattice parameters obtained from these
reflections nearly lie in a straight line when plotted against
sin® @, denoting a homogeneous in-depth strain. Also, the
symmetric peak profiles (Fig. 2) indicate homogeneous in-
depth strain. This contrasts with thicker films grown on
closer lattice matched PbTe buffers on BaF, substrates,
which exhibit clear asymmetric peaks resulting from strain
profiles.'* Our EuTe film was grown directly on a BaF, sub-
strate, and the initial island growth mode that creates a
highly defective narrow region before the layer-by-layer
growth proceeds must be the reason for the homogeneous
in-depth strain.

The value found for Ty, of 9.99 K, from the power-law fit
[Fig. 3(a) inset], is slightly higher than the bulk value, of
9.6 K.% Small variations of Ty in thin EuTe films have al-
ready been observed before.'* This can be due to the strain
present at the EuTe layer. From the mean-field theory we
know that Ty=-4J,S(S+1)/k,,>'* where kj, is the Boltzmann
constant and S=7/2 is the spin. Hence, a change in Ty is
expected if J, varies for any reason. Previous studies of bulk
EuTe at high pressures found a slight increase in |J,| for
smaller lattice parameters.'®> The situation is more compli-
cated in our EuTe thin film, with biaxial strain compressive
in the plane and tensile in the [111] direction normal to the
film plane. From simple geometrical and elasticity consider-
ations it can be seen that the net effect of this biaxial strain
for EuTe is a smaller cation-anion distance. A smaller Eu-Te
distance is expected to favor J, superexchange constant, and
hence increase Ty, as observed here.

The value found for the critical exponent 8=0.36(1) co-
incides with the prediction for a three-dimensional (3D)
Heisenberg (isotropic) magnet obtained from renormaliza-
tion theory.'> In a previous study of EuTe, an anomalous
behavior for the specific-heat critical exponent of EuTe was
found.'® The critical exponent showed a crossover at |f]
~0.01, with a value higher (smaller) for |¢/<0.01 ([¢]
>0.01) than that predicted by the renormalization theory.
The hypothesis was placed that this could be due to the an-
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isotropy arising from the magnetic dipole-dipole interaction,
or by the occurrence of a first-order transition,'® which
would be consequent with the existence of a tricritical point
for EuTe.

Anisotropic fourth-order interactions could also explain
the anomalies of the specific heat. In fact, it was suggested
that EuTe has important fourth-order interactions very influ-
ent on the spin dynamics.!”'® Here, we calculated the tem-
perature dependence of the sublattice magnetization follow-
ing the approach in Ref. 19, considering the Hamiltonian
JS;-S;—j(S;-S)%, where the first term describes the well-
known isotropic Heisenberg interactions and the second term
stands for fourth-order interactions. Disregarding strain en-
ergy, the internal energy of the system is expressed as the
exchange energy

1
Uexeh=— EN[Zsz((TS)z +25/0(08)* +2,,(09)*], (1)

where N is the number of spins, z; , are the number of near-
est and next-nearest neighbors, o is the relative magnetiza-
tion, and §=7/2 is the pure spin magnetic moment of Eu
atoms. The frustration of one half of the nearest neighbors
cancels the term linear in J;. Considering that the free-energy
U-T S* derivative relative to ¢ at constant temperature must
be zero at equilibrium, one obtains

el
g/r

where S* is the spin entropy, and was derived calculating the
first 12 coefficients of the power-series expansion, with the
method described in Ref. 20.

Equation (2) leads to the Brillouin function when fourth-
order interactions are neglected. The experimental magneti-
zation versus temperature dependence in Fig. 3(a) was fitted
considering and disregarding fourth-order interactions (solid
and dotted lines, respectively). It can be seen that only the
model including fourth-order interactions properly repro-
duces the experiment. This fit yielded a value 0.009 for the
quotient (2j,+/,)/J, between the fourth-order and second-
order exchange constants, smaller than the previously re-
ported value of 0.016.'% However, the Neel temperature of
7.8 K reported in Ref. 18 is also rather far from the usually
reported value of 9.6 K. which likely results from stoichi-
ometry problems that might have affected their exchange
constants quotient. The value for the quotient (2j,+/,)/J,
found here must also be affected by the presence of biaxial
strain. Unfortunately, the strain influence could not be sepa-
rated since the dependence of the EuTe exchange constants
on interatomic distances is not well known.

The abscissa axis of Fig. 3(a) is linear in 72, instead of T,
to show that the magnetization nearly follows a T2 law up to
~0.8 T. This contrasts with the 7% law predicted by Bloch.
Many ferromagnetic (FM) and AFM materials also follow
this 77 law over wide temperature ranges, a behavior that has
been attributed to fourth-order interactions.'”-!

[1+ 2520'2(2]'1 +j2)IL], (2)
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The relative importance of fourth-order interactions in
EuTe can be understood reminding that half the nearest
neighbors are frustrated. In EuTe, the nearest-neighbor ex-
change constant J; is positive, favoring a ferromagnetic
alignment. But, from the 12 nearest neighbors, only the six
on the same (111) plane are parallelly aligned. The other six
nearest neighbors, half in each adjacent (111) planes, are
antiparallel (frustrated). This cancels the nearest neighbors
JiS;-S; term on the Hamiltonian, favoring the influence of
fourth-order interactions. This term reappears weakly in the
presence of a rhombohedral distortion due to the J; depen-
dence on Eu-Eu distance.

C. Magnetic moments orientation within the lattice

To a first approximation, the intensity of the x-ray mag-
netic diffraction depends on the squared scalar product be-
tween the scattered wave vector and the magnetic moment.
Hence, a comparison of the intensity of different magnetic
reflections can give insight on the magnetic-moment direc-
tions within the lattice. To achieve this, we measured ¢ and
0/260 scans around the (%%%) and the (1%1%1%) magnetic
reflections. The integrated intensity of each reflection was
found integrating inside the revolution ellipsoid, whose in-
tensity profiles along the x, y, and z axes were the 6, 6, and
0/26 scans, respectively. The result for the intensity ratio of
(%%% and (1%1%1%) magnetic reflections was 3.4(1). Con-
sidering the magnetic moments all aligned in the same in-
plane direction and correcting for different path lengths of
the beam on each case, the expected intensity ratio is 3.38,
which is fairly equal to the experimental value.

It can be easily proved that the same theoretical intensity
ratio is obtained for any direction of the magnetic moments
within the plane, except for the two particular cases where
the magnetic moment is perpendicular to the scattered wave
vector, when the intensity falls to zero. Also, the same inten-
sity ratio is expected if we consider that the three possible S
domains are equally populated. Therefore, the previous
method allows concluding that the spins lie in the plane of
the film, but does not answer the question of whether they
are all parallel or distributed in the three possible S domains.
To clarify this, we measured the intensity of the (%%%) mag-
netic peak in different azimuths (Fig. 4). If only one S do-
main is populated, a cosine-like dependence of the intensity
with the azimuth is expected (solid line in Fig. 4). When the
three S domains are equally populated, the intensity is ex-
pected to remain constant for any azimuth, which roughly
coincides with our experimental result (Fig. 4). We can then
conclude that the three possible S domains are approximately
equally populated.

IV. CONCLUSIONS

In this work we studied the magnetic ordering of EuTe in
a vicinity of the Neel temperature T, using magnetic x-ray
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FIG. 4. Integrated intensity of 6/26 scans along the (%%%) mag-

netic reflection for different azimuths (circles). The solid line is the
theoretical intensity behavior if only one S domain is populated,
while the dotted line is the expectation when the three S domains
are equally populated.

diffraction. Below T, half-order peaks appear with pure
o— ' scattering, which proves their magnetic origin.
Strong intensity enhancements of more than 2 orders of mag-
nitude were observed both in Ly and Ly; Eu absorption
edges. We studied the evolution of the (%%%) magnetic re-
flection near the Neel temperature. When heating toward Ty,
the integrated intensity decreases monotonously and shows
no hysteresis upon cooling again, indicating a second-order
phase transition. The critical exponent B3=0.36(1) agrees
with renormalization theory results for 3D Heisenberg mag-
nets. The magnetization dependence with temperature could
only be successfully reproduced with a model that included
fourth-order interactions, yielding a value of 0.009 for the
(2j14J2)/J, ratio. The wide range over which the magneti-
zation behaved linearly with 72 also supports the importance
of quadratic interactions. The comparison of the intensity
ratio of two magnetic reflections is consistent with the model
in which the Eu?* spins align within the (111) planes on
equally populated S domains.
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