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Magnetic structure of EuFe,P, studied by neutron powder diffraction
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A neutron powder diffraction study of EuFe,P, at a wavelength of 2.3672(1) A shows that the 6.6(3) 15 Eu**
moments order ferromagnetically at 7c = 30(1) K and are canted at an angle of 17(3)° from the ¢ axis. No
evidence for the previously proposed antiferromagnetic or helimagnetic structures was found. The almost axial
ferromagnetic structure of EuFe, P, contrasts sharply with the planar antiferromagnetism seen in EuFe,As, and
many other europium-transition metal pnictides, suggesting a delicate interplay between the Eu 4 f and transition

metal 3d electrons.
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I. INTRODUCTION

The pnictide intermetallic compounds RT,Pn, (R = rare
earth; T = transition metal Fe, Co, Ni, Pd; Pn = pnictide
P, As) crystallize in the tetragonal ThCr,Si,-type structure
(space group I4/mmm: No. 139)! and exhibit a rich variety
of magnetic and transport phenomena. Following the initial
characterization of these materials over twenty years ago,>>
interest in the pnictide members of this much larger 1-2-2
compound family has been revived by the recent discovery
of a large group of iron-pnictide-based superconductors. The
RFe,Pn, series provide a remarkable system in which to
investigate the impact and role of P/As substitution as the same
range of behavior seen in the CeFe(As,P)O system, namely
from a nearly ferromagnetic (FM) heavy fermion metal in
CeFePO* to superconductivity in CeFeAsO, _ . F,,’ is also seen
in the EuFe,Pn, systems.®’

A frequent limitation in many studies of the magnetic
properties of europium-based compounds is the absence of
direct measurements of the actual magnetic structure adopted
by the Eu sublattice in the compounds. This absence arises
from the perception that powder diffraction with thermal
neutrons, the most direct and widely used technique for
establishing magnetic structures, is impractical because of
the large thermal neutron absorption cross section for natural
europium (ogps = 4530 =40 b, due to the high absorption
cross section of 'Eu, the isotope that makes up almost half
of natural europium). Two common solutions are to use “hot”
neutrons (A < 1 A) to reduce the absorption effects but at
the cost of greatly diminished resolution, or resonant x-ray
scattering to avoid the absorption problem altogether. Both
have been employed to study the europium pnictides. Single
crystal neutron diffraction at a neutron wavelength of 0.85 A
showed that the Eu moments adopt an incommensurate planar
spiral structure in EuCo,P,.® while both hot neutrons® and
resonant x-ray scattering'® showed EuFe,As, to be a planar
antiferromagnet (AFM). A recent resonant x-ray scattering
of EuRh,As, showed evidence for both commensurate and
incommensurate planar ordering.'' Remarkably, an extensive
study of the magnetic and transport properties of EuFe,P,°
has shown that the iron does not order and that not only is this
system probably ferromagnetic, but that the Eu moments are
ordered close to the ¢ axis, i.e., essentially perpendicular to
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the ordering plane seen in all of the related europium pnictides
studied so far.

We report here a neutron powder diffraction study at a
thermal wavelength of 2.3672(1) A using a recently devel-
oped large-area flat-plate geometry'? that greatly reduces the
absorption problems associated with europium compounds.
The approach can even be used to study compounds that are
rich in gadolinium (o, = 49700 & 125 b).!>!* We show that
EuFe,P; is indeed ferromagnetic with Eu?t moments of 6.6(3)
wu g oriented close to the ¢ axis. We confirm the canted structure
implied by local (*’Fe and ''Eu Mossbauer spectroscopy)
measurements in which a canting angle of 20(5)° was found
by considering the orientation of the hyperfine magnetic
fields within the principal axis frame of the electric field
gradient.® However, we find no evidence for a more complex
helimagnetic structure.®

II. EXPERIMENTAL METHODS

The polycrystalline sample of EuFe,P, was synthesized
by solid state reaction between EuP and Fe,P. The details of
the preparation and pre-synthesis of the phosphides have been
reported previously.®!> The sample was almost single phase,
with about 2 wt % of an Fe;P impurity observed in the neutron
diffraction patterns.

For the neutron diffraction measurements, 1.7 g (slightly
less than a 1/e thickness for absorption) was spread across
a2cm x 8 cm area on a 600 um thick single-crystal
silicon wafer and immobilized using a 1% solution of GE-
7031 varnish in toluene/methanol (1:1).!? Neutron diffraction
experiments were carried out on the C2 multiwire powder
diffractometer (DUALSPEC) at the NRU reactor, Canadian
Neutron Beam Centre, Chalk River, Ontario. A relatively long
neutron wavelength of 2.3672(1) A was used so that low-angle
peaks due to any AFM ordering would be well clear of any
direct beam contamination. The plate was oriented with its
surface normal parallel to the incident neutron beam in order to
maximize the total flux onto the sample and the measurements
were made in transmission mode. Temperatures down to 3.6 K
were obtained using a closed-cycle refrigerator with the sample
in a partial pressure of helium to ensure thermal uniformity.
All full-pattern magnetic and structural refinements employed
the FullProf/WinPlotr suite'®!7 with neutron scattering length
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FIG. 1. (Color online) Powder neutron diffraction patterns for
EuFe,P, taken at a wavelength of 2.3672(1) A above (50 K) and
below (3.6 K) T showing the development of magnetic scattering
on cooling. The intensity changes can be seen more clearly in
the difference pattern shown at the bottom of the figure. The
indexing of the strongest peaks is given on the 3.6 K pattern. The
two measured patterns have been offset vertically for visualization
purposes; however, the dashed lines at the right show the locations of
the actual zero values in each case. The features near 260 = 45° and
26 = 70° are instrumental artifacts.

coefficients for natural Eu taken from the tabulation by Lynn
and Seeger.'8
III. RESULTS

The diffraction pattern taken at 50 K (i.e., above T¢) is
presented in Fig. 1 and clearly shows the nuclear Bragg
peaks of the EuFe,P, phase, demonstrating that neutron
powder diffraction does indeed yield a significant signal from
europium-based compounds. The crystallographic data for
EuFe,P,, derived from the refinement of the 50 K neutron
diffraction pattern, are given in Table I. The lattice parameters
at 50 K are a = 3.8165(7) A and ¢ = 11.166(3) A. The con-
ventional R factors are R(Bragg) = 7.6% and R(F) = 7.0%.

Cooling below T¢ leads to many changes in the observed
diffraction pattern, and while several peaks clearly grow
in intensity, there are no new peaks (i.e., none that would
be forbidden by the crystallographic /4/mmm structure).
In particular, there are no new peaks below the (0 0 2)
peak near 260 = 24°, which would signal the development
of commensurate or incommensurate AFM ordering, nor

TABLE 1. Crystallographic data for EuFe,P, obtained by refine-
ment of the 50 K neutron powder diffraction pattern.

Atom Site X y z
Eu 2a 0 0 0
Fe 4d 0 % %
P 4e 0 0 0.360(2)
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FIG. 2. (Color online) Intensities of the (1 0 1) and (1 1 0) peaks
for EuFe,P, as functions of temperature showing an average Curie
temperature of 30(1) K. The solid lines are fits to squared J = %
Brillouin functions (the intensity is proportional to the moment
squared). The intensity of the (1 1 0) peak has been scaled up by
a factor of 4 for clarity.

do we observe any satellite peaks around the main peaks
which would indicate helimagnetic ordering, as previously
proposed.® The changes are emphasized in the difference
pattern shown at the bottom of Fig. 1 where the dramatic
growth of the (1 0 1) peak is the most striking feature. The
much smaller increase in the intensity of the (0 0 2) peak is
less obvious but is far more important as it indicates that the
Eu?* moments cannot be strictly parallel to the ¢ axis: The
FM order must be canted away from the ¢ axis by some small
angle as previously deduced from 3"Fe and '3'Eu Mossbauer
spectroscopy.® Finally, the downturn in the difference pattern
below 26 = 30° in Fig. 1 is due to the loss of incoherent
paramagnetic scattering from the Eu?* ions as the FM order
develops below T¢. This serves to underline the strength of the
magnetic scattering from this system.

In Fig. 2 we follow the temperature dependence of the
intensities of two of the clearest peaks which allows us to
determine the magnetic ordering temperature as 30(1) K.
While there are no apparent breaks in the behavior that would
suggest the presence of a second transition below T, we note
that the strongest magnetic reflection [the (101) in Fig. 1]
contains both axial and planar components and so is not very
sensitive to the canting of the Eu?* moments. Furthermore,
the magnetic contribution to the (002) reflection, which allows
us to determine the canting angle, is relatively small, so we
cannot rule out the possibility that the initial FM ordering at
T¢ is axial and that a further canting transition occurs below it.

Since a helimagnetic structure has been suggested for
EuFe,P,,° we simulated a variety of magnetic structures
that combine FM and AFM ordering in order to determine
their impact on the diffraction pattern and formally rule
them out before proceeding to the final analysis. In what

132403-2



BRIEF REPORTS

follows we consider only AFM ordering perpendicular to
the ¢ axis, as EuFe,P, has been shown to be dominated by
FM order® and examination of our diffraction data places
this FM ordering parallel to the ¢ axis. The simplest AFM
structure is formed by canting the body-center and cell-corner
Eu moments away from the ¢ axis, but in opposite directions.
This makes the two Eu moments inequivalent, violating the
I-centering translational symmetry of the crystallographic cell
and releasing the i + k 41 = 2n constraint on the magnetic
scattering. Simulations with 7 i g Eu moments canted by £20°
from the ¢ axis (to be consistent with the earlier Mossbauer
work®) lead to substantial new peaks, with the (0 0 1) at
26 ~ 12° predicted to be comparable in strength to the (0 0 2)
nuclear peak at 26 ~ 24°. No such peak is observed and our
data allow us to place the maximum possible canting angle for
this test structure at 2°. The next simplest structure involves
doubling the unit cell along the ¢ axis by reversing the canting
direction as one moves along the ¢ axis from cell to cell. This
leads to the development of a (0 O %) peak that dominates
the pattern at 26 ~ 6°, being about twice the intensity of the
(0 0 2) nuclear peak. This peak is clearly absent (see Fig. 1)
and the maximum possible canting angle for this test structure
is ~1°. The two foregoing commensurate structures can be
characterized by a propagation vector of (0 0 k.), where k, is
1 and 0.5 respectively. This description can be generalized to
include incommensurate, helimagnetic structures that exhibit
diffraction patterns with a strong fundamental peak at (0 0 k)
and weaker satellite peaks at (h k [ &= k) that decorate the
existing magnetic peaks. While the fundamental is quickly
lost into the straight-through beam as k, decreases through
about 0.3, the intensity in that peak is still drawn from others
in the pattern, and assuming a helimagnetic structure with an
unobservable fundamental (i.e., k; < 0.3) leads to unrealistic
europium moments of ~12ug. Constraining the europium
moment to 7 up leads to a maximum canting angle in a
helimagnetic structure of <3°, with k, < 0.3. Thus, in each
case considered here, not only do we see no evidence to support
the proposed structure, but the maximum possible canting
angle is inconsistent with both '>'Eu and 3’Fe Mossbauer
data.® We therefore eliminate them from further consideration
and proceed to an analysis in terms of FM ordering.

The refinement of the diffraction pattern obtained at 3.6 K
is shown in Fig. 3. Earlier >’Fe Mossbauer work showed no
evidence for magnetic ordering of the iron® so the magnetic
contribution from the iron sites was assumed to be zero in our
analysis. No misfit resulting from this choice was detected.
The R factors were R(Bragg) = 6.5%, R(F) = 4.0%, and
R(mag) = 6.3%. Both a full pattern refinement and simulations
of the magnetic contributions to the (0 0 2) and (1 0 1)
reflections yield a canting angle of 17(3)°. This is fully
consistent with the 20(5)° derived from >'Eu Mgssbauer and
15(5)° derived from 3"Fe Mdssbauer.® Our refinement of the
3.6 K pattern yields an Eu?* magnetic moment of 6.6(3) 13
which is canted away from the tetragonal c axis by 17(3)°.
This magnetic moment is close to the 7 up expected for the
J = % Eu’* ion, confirming the divalence of the Eu ions.

The magnetic structure of EuFe,P, contrasts sharply with
that of EuFe, As, which serves as a parent material for a family
of high-temperature superconductors. First, the Fe sublattice
in the phosphide is nonmagnetic in the whole temperature
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FIG. 3. (Color online) Refined diffraction pattern for EuFe,P,
obtained at 3.6 K. The solid line is a full-profile refinement of the
nuclear and magnetic contributions. Three rows of Bragg markers are
shown: (top) nuclear contribution, (middle) magnetic contribution,
(bottom) Fe;P impurity of 2 wt %. The residuals are plotted at
the bottom of the figure. Note that since the magnetic order is
ferromagnetic, there are no new Bragg peaks associated with it. The
instrumental artifacts near 26 = 45° and 70° were not included in the
refinement.

above 2 K, contrasting with the collinear antiferromagnetic
(AFM) ordering below 190 K in the arsenide.”'® Second,
the Eu sublattice orders ferromagnetically below 30 K with
the moments nearly perpendicular to the basal planes in
the phosphide, in contrast to the A-type AFM ordering’:!
below 19 K with the moments parallel to the crystallographic
a axis”! seen in the arsenide. It is interesting that nickel
doping of EuFe,;As; both suppresses the iron ordering and
converts the Eu sublattice ordering from antiferromagnetic
to ferromagnet1020 (there is, unfortunately, no determination
of the ferromagnetic ordering direction as yet) strongly
suggesting that a common mechanism may be at work.

While the AFM-to-FM crossover can be qualitatively
explained in terms of changes in the Ruderman-Kittel-Kasuya-
Yosida (RKKY) interaction,%?! resulting from a slight change
in interatomic distances or electron density associated with the
substitution of phosphorus for arsenic, the origin of the change
in the europium ordering direction remains unclear. We note
that the line joining a corner Eu atom to the body-centered
Eu atom makes an angle of 26° with the ¢ axis, roughly
coincident with the spin-canting angle revealed by the previous
Mossbauer study® and the present work. While the RKKY
interaction is fundamentally isotropic, it is possible that the
covalency increase in going from As to P may introduce
some weak directionality to the exchange. There may also be
a contribution from the ordered iron moments in EuFe;As;
as both the iron and Eu moments order along the a axis,
and if the iron ordering is weakened by nickel doping, the
europium ordering becomes ferromagnetic,”’ suggesting that
the electronic and magnetic states of the Fe-Pn layers may
govern the magnetic structure of the Eu sublattice. Unfortu-
nately no information about the actual ordering direction in
EuFe,_,Ni,As; is currently available.
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IV. CONCLUSIONS

We have demonstrated that neutron powder diffraction
can indeed be performed on Eu-based compounds at thermal
wavelengths and that it readily yields data of sufficient quality
to enable a magnetic structure determination. We have studied
the magnetic order of the pnictide intermetallic EuFe,P;.
At 3.6 K, well below the Curie temperature of 30(1) K,
the 6.6(3) wup Eu** magnetic moments are canted away
from the tetragonal ¢ axis by 17(3)°. We find no evidence
for antiferromagnetic or helimagnetic contributions to the
magnetic order.
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