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Low-temperature magnetic ordering in SrEr,0,4
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StEr,O4 has been characterized by low-temperature powder neutron diffraction, as well as single-crystal
specific-heat and magnetization measurements. Magnetization measurements show that the magnetic system is
highly anisotropic at temperature above ordering. A magnetic field of 280 kOe applied at 7=1.6 K does not
overcome the anisotropic magnetization and fails to fully saturate the system. Long-range antiferromagnetic
ordering develops below Ty=0.75 K, identified by magnetic Bragg reflections with propagation vector k=0
and a lambda anomaly in the specific heat. The magnetic structure consists of ferromagnetic chains running
along the ¢ axis, two adjacent chains being stacked antiferromagnetically. The moments point along the ¢
direction, but only one of the two crystallographically inequivalent Er sites has a sizeable ordered magnetic
moment, 4.5up at 0.55 K. The magnetic properties of SrEr,O, are discussed in terms of the interplay between
the low dimensionality, competing exchange interactions, dipolar interactions, and low-lying crystal-field

levels.
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I. INTRODUCTION

Among the magnetic materials in which geometrical frus-
tration plays an important role, the most intensely studied are
the systems with triangular motif lattices such as stacked
triangular lattices,! two-dimensional (2D) and three-
dimensional (3D) Kagomé lattices,>> and 3D networks of
corner-sharing (mostly found in pyrochlore* and spinel’
compounds) or edge-sharing tetrahedral.®

The honeycomb lattice, where magnetically active ions
form a 2D network of edge-sharing hexagons, is not a geo-
metrically frustrated lattice if only the first neighbor ex-
change interactions are considered. However, since it has the
smallest possible 2D coordination number (z=3), quantum
fluctuations are expected to be larger than for a square lat-
tice, which justifies the considerable theoretical interest in
the honeycomb lattice. Frustration can still originate from
competing exchange interactions due to next-nearest-
neighbor interactions or additional coupling out of the plane.
The honeycomb lattice’ can be viewed as composed of two
interlacing triangular sublattices with each site having its
three nearest neighbors on the other sublattice and its six
second-nearest neighbors on its own sublattice.?

Recently, Karunadasa et al.” reported on the crystal struc-
ture and magnetic properties of the family of materials with
general formula SrLn,0,, where Ln is Gd, Dy, Ho, Er, Tm,
and Yb. These materials crystallize in the CaFe,O, (calcium
ferrite)-type structure!® and have been studied for a number
of years now. What had not been realized prior to
Karunadasa’s publication, however, is the fact that in these
compounds [and in several other isostructural compounds,
such as BaLn,0, (Ref. 11) and Pr,BaO, (Ref. 12)] the mag-
netic Ln ions are linked through a network of triangles and
hexagons, where geometrical frustration can arise, provided
that some exchange interactions are antiferromagnetic. In
these systems, the honeycomb lattice is distorted in that the
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hexagons of magnetic rare-earth sites, octahedrally coordi-
nated by oxygen ions, adopt a buckled configuration. The
honeycomb layers are stacked along the ¢ axis and each of
the magnetic sites in one layer is connected to one of the
sites in an adjacent honeycomb layer, forming a triangular
network perpendicular to the honeycomb planes. The mag-
netic susceptibility measurements reported by Karunadasa’
for SrEr,O4 (SEO) present no sharp features or pronounced
changes in slope down to at least 1.8 K. Yet the value of the
Curie-Weiss constant fcw is —13.5 K, which suggests the
presence of relatively strong antiferromagnetic interactions
in this system.’ This disparity between the ordering tempera-
ture and the scale of the exchange interactions is typical for
frustrated systems, although a significant reduction in the
transition temperature may also arise from the low dimen-
sionality of the magnetic lattice.

In the present work we report on the low-temperature
properties of SEO, investigated by powder neutron diffrac-
tion and single-crystal specific-heat and magnetization mea-
surements. The system is found to order magnetically at Ty
=0.75 K with a collinear magnetic structure. However, only
one of the two Er sites possesses a sizeable magnetic mo-
ment of 4.5up at 7=0.55 K. The magnetic moments point
along the ¢ axis and along this direction form ferromagnetic
chains, which are arranged antiferromagnetically with re-
spect to one of the neighboring chains. These ordered
“double” chains are separated by chains which contain al-
most no ordered magnetic moments (less than 0.5uy; at T
=0.55 K). It is very likely that long-range and short-range
magnetic order coexist at all temperatures below Ty. Magne-
tization measurements show that the material is highly aniso-
tropic above Ty, with an anisotropy energy not totally over-
come by magnetic fields as high as 280 kOe.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of SrEr,O, were prepared from
the high-purity starting materials SrCO5 and Er,05 following
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FIG. 1. Temperature dependence of the specific heat of SrEr,O4
(solid symbols) and of the nonmagnetic isostructural compounds
SrLu,0, and SrY,0,4 (open symbols) measured on single-crystal
samples. Solid and dashed lines are calculations of the specific-heat
Schottky anomaly expected for crystal-field effects between a dou-
blet ground state and a first excited doublet separated by energies
indicated in the figure (see text for details).

Ref. 9. X-ray diffraction measurements have confirmed the
absence of any significant amount of impurities in the
samples prepared. High-resolution neutron powder-
diffraction experiments were conducted using a wavelength
of 2.4 A on the D2B diffractometer at the Institut Laue-
Langevin, France. Diffraction patterns were collected in zero
field at various temperatures between 0.45 and 15 K using a
3He insert in a standard cryostat. Rietveld refinements were
performed with the FULLPROF program.'? Possible symmetry
arrangements of the low-temperature magnetic structure
were determined using representation analysis.

The single crystals of SEO were grown by the floating-
zone technique using an infrared image furnace; the details
of crystal growth of the entire SrLn,0O, family of compounds
will be reported separately.!* The principal axes of the
samples were determined using x-ray diffraction Laue pho-
tographs; for the magnetization measurements the crystals
were aligned to within an accuracy of better than 3°. Low--
temperature specific-heat measurements were performed us-
ing a Quantum Design PPMS calorimeter equipped with a
3He option. In order to estimate the lattice contribution to the
specific heat we have measured the heat capacity of a single
crystal of SrLu,0O4 and SrY,O,, nonmagnetic compounds
isostructural to SEO.

Taking advantage of the high steady-state fields at the
Grenoble High Magnetic Field Laboratory, we have taken
magnetization measurements for H|[100], HI[010], and
HII[001] at various temperatures above 1.6 K in applied
fields of up to 280 kOe. These measurements were per-
formed using a standard extraction technique and a resistive
magnet. The same samples were used for more detailed in-
vestigations of the temperature dependence of magnetization
down to 1.4 K for different directions of an applied field
using an Oxford Instruments vibrating sample magnetometer
(VSM) in an applied field up to 120 kOe.
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FIG. 2. Temperature dependence of the specific heat divided by
temperature of SrEr,O,4. The inset shows the temperature depen-
dence of entropy, calculated as an area under the C/T(T) curve,
which has been extended linearly down to 7=0 K. The solid line
indicates the position of 2R In 2, which corresponds to a magnetic
contribution for a system with an effective S=%.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Heat capacity

The temperature dependence of the specific heat of
StEr,0,4, shown in Fig. 1, presents two main features at low
temperature. First, a sharp lambda-type anomaly at about
0.75 K corresponding to a magnetic phase transition (as will
be seen from the neutron-diffraction results) and a much
broader peak centered at around 1.3 K. The broad peak re-
sembles a feature that could be caused by a low-lying
crystal-field (CF) excitation. In order to test the latter possi-
bility, we plot on the same graph the theoretical curves (solid
lines) for a simple model, which contains a single excitation
level separated from the ground state by 3, 3.5, or 4 K. The
ground multiplet *I;5,, of Er’* is split into eight Kramers
doublets in low-symmetry crystals, such as SrEr,O,. We
therefore have to presume that the degeneracies of both the
ground state and the excited level are two. As long as this is
the case, a CF level cannot be solely responsible for the
broad peak in specific heat—the peak is about 50% more
intense than the doublets could generate regardless of their
energy.

Above 5 K the heat capacity begins to increase with tem-
perature. It is tempting to associate the observed rise with the
lattice contribution (similar to what has been suggested for
the BaLn,0, compounds''). However, the heat capacities of
SrLu,0, and SrY,0O,, tWwo nonmagnetic compounds isostruc-
tural with SEO, suggest that this is not the case. In fact, the
lattice contribution to the specific heat remains negligibly
small even at T=10 K (see Fig. 1).1

Unlike the lower-temperature broad peak, the additional
contribution to C(T) at T>35 K is probably caused by a CF
level. The dashed line in Fig. 1 was calculated for a CF level
separated from the ground state by 38 K, which corresponds
to the first peak observed at =3.3 meV in our recent inelas-
tic neutron-scattering experiment.'® A detailed analysis of the
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FIG. 3. (Color online) Low scattering angle fragment of the powder neutron-diffraction data taken on SrEr,O,4 using the D2B instrument
at the ILL at 0.45, 0.8, and 15 K. The 0.8 and 15 K data are shifted by 40 and 80 counts, respectively, for clarity. The inset on the left shows
the temperature dependence of the integrated intensity for the two magnetic peaks labeled with arrows on the main panel. The inset on the
right is a difference plot between the combined low-temperature data (7 from 0.8 to 1.5 K) and the 7=15 K data.

CF scheme in SEO goes beyond the scope of this paper. It is
still helpful, however, to consider the results of the specific-
heat measurements in terms of their implications for the
magnetic properties of SEO. For this purpose we plot in Fig.
2 the temperature dependence of the specific heat divided by
temperature. The area under the C/T(T) curve represents the
entropy, S(7), which is shown in the inset of Fig. 2. At T
~7 K (above which temperature the input from the broad
peak centered at 1.3 K is practically negligible) the entropy
reaches the value of 2R In 2, corresponding to a purely mag-
netic contribution for an effective spin 1/2 system. The en-
tropy recovered by the ordering temperature 7,=0.75 K
amounts to less than a quarter of the 2R In 2 value.

B. Neutron diffraction

From the neutron-diffraction measurements in the para-
magnetic phase, the space group of SrEr,O, was confirmed
as Pnam and the lattice parameters were found to be consis-
tent with those previously reported.”!” The refined values of
a, b, and ¢ at 15 K were found to be 10.018(2) A
11.852(2) A, and 3.384(2) A, respectively.

Examples of the neutron-diffraction patterns collected at
various temperatures are shown in Fig. 3. Broad diffuse scat-
tering peaks associated with the short-range magnetic order
developing in SEO are observed at temperatures below 3 K
(see inset B in Fig. 3). This observation corroborates the
suggestion that a broad peak at 1.3 K in the C(T) curve is
magnetic in origin. The sharp peaks corresponding to long-
range order appear in all the diffraction patterns taken below
0.8 K. The intensity of these peaks has a pronounced tem-

perature dependence (see inset A in Fig. 3); their positions,
however, remained unchanged in the entire temperature
range measured. It was found that these peaks could be in-
dexed with a propagation vector k=0. The sharp magnetic
peak at 20 ~11.6° (see Fig. 3) is indexed as (010), while
another magnetic peak seen at 20 =27.65° consists of the
two overlapping components, (120) and (200).

The best fit to the data was found when the symmetry
used was restricted to that of the basis vectors I'7 for both Er
ion sites. At 7=0.55 K the fit has a good agreement factor
for the magnetic phase of Ry,,=15.5% and is shown in
Fig. 4. At the lowest experimentally available temperature of
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FIG. 4. Refined magnetic powder neutron-diffraction data of
StEr,O, taken as a difference between 7=0.55 and 1.5 K.
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FIG. 5. (Color online) Magnetic structure of SrEr,O, as deter-
mined from Rietveld refinements of the neutron-diffraction pattern
at 7=0.55 K. The same structure is shown twice to emphasize
different arrangements of the magnetic moments along the ¢ axis
and with respect to the hexagons in the plane. Two different Er sites
and their surroundings are shown in different colors. Only one of
the sites carries a significant magnetic moment.

0.45 K the agreement becomes less satisfactory as the diffuse
intensity observed at around 21° and 34° in scattering angle
cannot be accounted for in a k=0 model. In SEO, the pres-
ence of significant temperature-dependent diffuse scattering
with a pronounced structure factor allows a portion of the
sample to support short-range magnetic correlations, while
the rest becomes long-range ordered.

The proposed structure of the magnetic moments derived
from the refinements and the observed magnetic extinction
rules is shown in Fig. 5. The two panels give the view par-
allel and perpendicular to the ¢ axis. Since the R; and R,
sites in the magnetic space group Pnam have mirror symme-
try, the magnetic moments are either in the ab plane or along
the ¢ axis. It should be concluded that the moments in SEO
align along the ¢ axis as no (00!) reflections were observed.
They align ferromagnetically with their nearest neighbor, and
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adjacent chains align antiferromagnetically. The Er; site has
a magnetic moment of 4.5up, whereas the second Er, site
has a much reduced moment of less than 0.5uy. Within our
model the magnetic moments on Er; and Er, sites can be
swapped without changing the calculated powder-diffraction
pattern.

Although the reasons for a large difference in the
magnetic-moment value on the two Er sites are likely to be
related to the low-lying CF levels, they cannot be solely
responsible for the observed effects as they cannot split fur-
ther the Kramers doublet. The involvement of exchange in-
teractions and possibly dipolar forces must be presumed. It is
interesting to note that the proposed magnetic structure is
favorable in terms of the dipolar interactions. If only dipole-
dipole interactions between the Er ions are considered (pre-
suming equal moments on both sites) then a collinear model
with the moments along the ¢ axis has one of the lowest
possible energies.

C. Magnetization measurements

The results of the VSM magnetization measurements in
lower field are shown in Fig. 6. The magnetization is highly
anisotropic at all measured temperatures, and it does not
reach the values predicted from the high-temperature suscep-
tibility measurements of about 9 up per Er ion.” The mag-
netization curves for different directions of the applied field
are highly nonlinear and have multiple crossing points (see
Fig. 6). In this respect the definition of the easy axis is field
dependent: while the b axis remains a hard direction in any
field, the ¢ axis seems to be an easy direction in a weak field
(up to 15 kOe), but becomes less favorable in higher fields
up to about 90 kOe, where the Myro0;1(H) curve again
crosses the My ri00)(H) curve. Overall the magnetic aniso-
tropy in SEO is best described as an easy-plane type, which
is not uncommon for Er’* ions, and has been suggested, for
example, in Er,Ti,O, another highly frustrated system.' It

FIG. 6. (Color online) Field
dependence of magnetization M
(top panels) and magnetic suscep-
tibility dM/dH (bottom panels)
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FIG. 7. (Color online) Field dependence of magnetization M
measured at the Grenoble High Magnetic Field Laboratory for
HII[100], HII[010], and HII[001] at different temperatures. The data
have been corrected for the demagnetization effect.

has to be borne in mind that all of this unusual behavior is
observed at 1.5 K, a temperature at which SEO remains mag-
netically disordered according to neutron powder-diffraction
data, which implies a strong CF influence.

At 1.5 K, the susceptibility curve dM/dH for a powder
sample contains two broad maxima at 7 and 17 kOe, while
the single-crystal curves for Hlla and Hllc only have a single
well-pronounced maximum at 6 and 14 kOe, respectively. It
has been suggested’ that a double-peak behavior of the
dM/dH curve for a powder sample is indicative of the pres-
ence of metamagnetism. It is more likely, however, that a
double-peak feature in powder curves is simply a superposi-
tion of highly anisotropic curves for different directions of an
applied magnetic field. Usually broad maxima in susceptibil-
ity are the precursors of sharp peaks, which correspond to
phase transitions at lower temperatures. It would be very
useful to extend the susceptibility measurements down to the
magnetic ordering temperature in order to check if these
maxima develop into field-induced phase transitions.

In order to check if the full magnetic-moment values ex-
pected for Er** ion can be achieved in higher fields, we have
extended the magnetization measurements up to 280 kOe.
The results shown in Fig. 7 clearly illustrate that even a
magnetic field of 280 kOe does not overcome the anisotropic
magnetization in the system. The magnetization fails to fully
saturate in higher fields; it continues to increase with an ap-
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plied field contrary to the conclusions made from the low-
field measurements.” A gradient of approximately
0.005up/kOe and 0.008 ug/kOe is observed in a field above
200 kOe for the M(H) curves with HII[001] and HII[010],
respectively. The fact that average magnetic moment per Er
ion in high fields is well above half of the value predicted
from the high-temperature susceptibility measurements sug-
gests that both of the two different Er sites carry a significant
magnetic moment.

IV. CONCLUSIONS

To summarize, neutron-diffraction and specific-heat mea-
surements extended to lower temperatures prove that
StEr,0, is a magnetically frustrated system which orders at
0.75 K in zero field. The moments are pointing along the ¢
axis, but the order is incomplete: only one of the two Er sites
carries a sizeable magnetic moment. Strong diffuse scattering
is always present at sufficiently low temperature in zero
field. Further evidence of partial ordering and low dimen-
sionality is gathered from the heat-capacity measurements,
which show that three quarters of magnetic entropy are re-
leased only above the Ty. The behavior above the ordering
temperature is characterized by a significant degree of mag-
netic anisotropy of the easy-plane type, with the b axis being
a hard-magnetization axis. An application of a high magnetic
field (280 kOe) fails to completely polarize the magnetic
moments.

These results call for an introduction of a theoretical
model, which considers a competition between single ion
anisotropy, dipole-dipole interactions, and exchange interac-
tions. A combination of the three energies and of an external
magnetic field is very likely to result in a complex H-T phase
diagram of SrEr,O, at low temperatures.
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