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The magnetization, crystal structure, and thermal expansion of a nearly stoichiometric Sry g4(3)Er2.09(6)O4.00(1) single crystal
have been studied by PPMS measurements and in-house and high-resolution synchrotron X-ray powder diffraction. No evidence
was detected for any structural phase transitions even up to 500 K. The average thermal expansions of lattice constants and unit-
cell volume are consistent with the first-order Griineisen approximations taking into account only the phonon contributions for
an insulator, displaying an anisotropic character along the crystallographic a, b, and ¢ axes. Our magnetization measurements
indicate that obvious magnetic frustration appears below ~ 15 K, and antiferromagnetic correlations may persist up to 300 K.

1 Introduction

The existence of competing Hamiltonian terms, e.g., be-
tween single-ion anisotropy and spin-spin interactions, or of
competing spin-spin interactions, e.g., between next-nearest
spin neighbours, often leads to a large ground-state degener-
acy because these competing energy components sometimes
cannot minimize simultaneouslyl’z. In this instance, novel
ground states such as spin liquid, spin ice, cooperative para-
magnetism, or magnetic Coulomb phase based on magnetic
monopole excitations may emerge in frustrated magnets, pro-
viding an excellent testing ground for approximations and the-
ories 110,

The compound SrEr,O4 is one of the geometrically-
frustrated magnets in the family of SrRE,O4 (RE = Gd,
Tb, Dy, Ho, Er, Tm, and Yb) compounds“‘”. They crys-
tallise with an unusual orthorhombic (space group Pnam, Z =
4) structure?® (Fig. 1(a)), in which two inequivalent crys-
tallographic sites accommodate the RE3T ions. Therefore,
there are two types of Er’* ions (Erl and Er2), as shown in
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Fig. 1(b), residing in different crystallographic environments
and forming two different octahedra (Er1Og and Er2Qg) as
shown in Fig. 1(c). This may strongly influence their re-
spective magnetic states by virtue of different crystal field
effects?*. The neighbour ErlOg or Er20¢ octahedra share
edges. The Er1Og octahedron connects with its neighbour
Er20¢ octahedra by way of sharing their in-plane and spatial
corners, thereby forming a 3D network of the ErOg octahedra.
The shortest Er-Er bonds form Er chains along the crystallo-
graphic ¢ axis (Fig. 1(b)), indicating that the strongest mag-
netic coupling is probably along that direction®>. Three Erl
and three Er2 ions comprise the bent Erg honeycombs normal
to the crystallographic ¢ axis (Fig. 1(b)). With this crystallo-
graphic arrangement, the low coordinate number of Er** ions
and the competing magnetic couplings between Er’* chains
may lead to a geometrical frustration.

It was reported that there exist two types of magnetic order
in the compound SrEr,042%. One is a long-range magnetic
order with moment direction along the crystallographic ¢ axis
and antiferromagnetic (AFM) phase transition temperature at
Ty = 0.75 K. Another is a short-range magnetic order, which
persists up to much higher temperatures (than 7y) with mo-
ment direction parallel to the crystallographic a axis. So far,
the crystallographic origins of the two kinds of magnetic order
are hard to be distinguished. They may be from either Erl or
Er2, or both sites.

Determining magnetic coupling mechanisms always repre-
sents a critical step toward a complete understanding of the
relevant magnetic frustrations, for which one prerequisite is
to accurately analyze the related crystal structure. As sus-
pected, there may exist possible structural phase transitions
as function of temperature in the compound SrEr,042>%. To
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our knowledge, no structural study of SrEr,O4 has been per-
formed by high-resolution synchrotron X-ray diffraction. In
addition, all reported structural parameters were limited at a
certain temperature point below 300 K. Therefore, the detailed
thermal expansion of the compound SrEr,O4 with temperature
has not been determined yet.

.v>\'\.§: I ;\O . a
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Fig. 1 (a) Crystal structure (space group Pnam) of StEr,O4 in one
unit cell (solid lines) as refined from the 111 (Diamond) data
measured at 80 K. (b) Bent honeycombs that are composed by the
Erg (3Erl plus 3Er2) hexagons are stacked along the
crystallographic ¢ axis, with the shortest Er-Er bonds along that
direction. (c) The corresponding octahedra of ErlOg and Er20g¢. All
oxygen sites (01, 02, O3, and O4 as listed in Table 2) are
schematically illustrated with the same color code.

In this paper, we report magnetic characterizations and
powder in-house and synchrotron X-ray diffraction studies
of a Sry 04(3)Er2.00(6)O4.00(1) single crystal. The space group
symmetry of the crystal structure is invariant with tempera-
ture up to S00 K. There exists an anisotropic change in lattice
constants along the crystallographic a, b, and c axes, with the
largest relative thermal expansion being along the a axis. The

Curie-Weiss (CW) temperature is negative, e.g., ~ -15.94 K
in case of the zero-field cooling (ZFC), indicating a strong net
AFM coupling strength. Appreciable magnetic frustration was
perceived below ~ 15 K so that the measured spin-moment
size at 2 K and 9 T, i.e., 4.3(5) us, may be from only one of
the two inequivalent Er3* crystallographic sites.

2 Experimental

The sample synthesis is similar to that reported previ-
ously??’.  We quantitatively determine chemical compo-
sitions of the studied single crystal by inductively coupled
plasma with optical emission spectroscopy (ICP-OES) anal-
ysis. We measured the ZFC and field cooling (FC) dc magne-
tization as a function of temperature from 2 to 300 K at 500
Oe, and versus applied magnetic field (up to 9 T) at 2-50 K
(detailed temperature points are listed in Fig. 3), using a com-
mercial physical property measurement system.

The in-house X-ray powder-diffraction (XRPD) was carried
out on a diffractometer, employing the copper Ky = 1.5406(9)
A radiation, with a 28 step size of 0.005° in a transmission ge-
ometry from 15 to 300 K. The bulk sample was gently ground
into powder and then pressed onto a thin Mylar film to form a
flat surface.

High-resolution synchrotron X-ray powder-diffraction
(SXRPD) patterns for structure solution were collected over
the 20 range 0-150° at 80, 298, and 500 K using beamline
11139 at Diamond Light Source, Didcot, UK. The calibrated
X-ray wavelength was A = 0.82703(6) A with a detector zero
angle offset of 0.00496(1)°, as determined by our Rietveld
refinements of the data. A powdered sample of SrEr,O4
was loaded onto the outside surface of a 0.3 mm diameter
borosilicate glass capillary tube by attaching a thin layer of
hand cream. The tube was rolling to minimise the effects of
absorption and preferred orientation during data collection
from an even coat of sample. The beamline comprises a
transmission geometry X-ray instrument with a wide range
position sensitive detector.

All powder diffraction data were analyzed by the Fullprof
Suite3!. The peak profile shape was modeled with a Pseudo-
Voigt function. We refined the background with a linear inter-
polation between automatically-selected background points.
The wavelength, scale factor, zero shift, peak shape parame-
ters, asymmetry, lattice parameters, atomic positions, isotropic
thermal parameter B, as well as the preferred orientation, etc,
were all refined.

The samples used for magnetization measurements and
powder-diffraction studies are pulverized single-crystalline
SrEr; O4 from the same ingot synthesized in a single growth.
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Fig. 2 Inverse magnetic susceptibility ¥ ~! (solid and void circles)
deduced from the ZFC and FC magnetization (M, normalized to a
single Er>* ion) measurements as a function of temperature from 2
to 300 K at 500 Oe. Due to the high density of data points (~
16000), they almost overlap in the entire temperature range. The
dashed and dash-dotted lines are fits to the data (200-300 K, ~ 5600
points) with a CW law as described in the text. The fit results are
listed in Table 1. Inset enlarges the most interesting part in the
temperature range of 0-50 K.

3 Results and discussion

3.1 ICP-OES measurements

The chemical compositions of the studied single crystal were
determined as Sry 4(3)Er2.09(6)O4.00(1) by our ICP-OES mea-
surements, which indicates that the grown crystal is almost
stoichiometric within the experimental accuracy.

It is pointed out that while normalizing the measured mag-
netization to a single Er** ion and during the process of refin-
ing the collected XRPD and SXRPD patterns, we used the
measured stoichiometry by ICP-OES for the normalization
and site occupancies in the refinements, respectively.

3.2 Magnetization versus temperature

We measured the ZFC and FC magnetization (M) of a small
piece (4.540(1) mg) of the single crystal at 500 Oe. The ex-
tracted inverse magnetic susceptibility, i.e., y ! = uoH /M, is
displayed in Fig. 2, which theoretically observes the CW law
in a paramagnetic (PM) state, i.e.,

O C M
T — Ocw 3/(3(71—9cw)7

x(T) (1
where C is the Curie constant, Ocw is the CW temperature,
Mg is the effective PM moment, Ny = 6.022 x 10?3 mol~!
is the Avogadro’s number, and kp = 1.38062 x 10723 J/K is

4 5
HH (T)

Fig. 3 FC magnetization that is normalized to a single Er>* jon
versus applied magnetic field up to 9 T at temperature points as
marked.

the Boltzmann constant. We fit the high-temperature (200-300
K) data points with eqn (1) and extrapolated the fits down to
low temperatures (from -16.69 to 200 K), shown as the dashed
(ZFC) and dash-dotted (FC) lines in Fig. 2. The deduced ef-
fective PM moments, MS | and CW temperatures are listed
in Table 1.

Upon cooling, at ~ 150 K, the measured y ' turns clearly
upward from the CW estimations, indicating a possible onset
of distinguishable AFM correlations. This deviation becomes
larger and larger as temperature decreases until ~ 15 K, ac-
companied in principle by a progressive increase in the AFM
correlations. Below 15 K, as temperature decreases, the differ-
ence between measured and CW-estimated x~! gets smaller
and smaller. At2 K, the lowest temperature point for the mag-
netization measurements, they even coincide with each other.
This observation indicates that obvious magnetic frustration
forms below ~ 15 K. The lower the temperature is, the more
visible the effect of spin frustrations becomes. This is con-
sistent with our field-dependent magnetization measurements
(Fig. 3) as discussed below.

The measured ZFC and FC effective PM moments are
9.13(1) ug and 9.14(1) us per Er’* ion, respectively. Both
values are almost the same within errors, but they are indeed
smaller than the expected theoretical value Mﬁfgo ~ 9.58 up of
the ground state 41,5 /2 determined by the Hund’s rules. This

decrease is in agreement with the previous study '* of poly-
crystalline SrEr,O4 and in addition may indicate that ~ 4.6%
Er’* moments are frozen even in the high-temperature range
of 200-300 K, or a small fraction of AFM spin interactions
still exist in that temperature regime. Magnetization measure-
ments at even higher temperatures would be of interest.

This journal is © The Royal Society of Chemistry [year]
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Table 1 Quantum numbers of Er>* ions in SrEryOy: spin S, orbital
L, total angular momentum J, and Landé factor g; as well as the
ground-state term 25+11;. Theoretical (theo) and measured (mea)
values of the ZFC and FC effective (eff) and FC saturation (sat)
Er3* moments, and the corresponding CW temperatures (6cy) are
all listed. Number in parenthesis is the estimated standard deviation
of the last significant digit.

Single-crystal StEr, Oy

4f ion ET
4fn 11
s 3R
L 6
J = L+ S (Hund’s rule for free Er>T) 15/2
g7 1.2
25+, 4115/2
MEEE = gr/IU+1) (us) ~9.58
MERS, = giJ (pe) 9.0
MZEC—eTE /B3 (ug) 9.13(1)
MEC S5 /R 3t (pg) 9.14(1)
MES JEX3T 2K, 9T) (us) 43(5)
62EC (K) -15.94(3)
085S (K) -16.69(3)

The deduced ZFC CW temperature 655 = -15.94(3) K,
which indicates a net AFM coupling strength and is by ~
2.4 K smaller than the corresponding value extracted from the
polycrystalline StEr, Oy 14 This decrease in Ocw is ~ 18.1%,
which is mainly due to the fact that the single-crystalline sam-
ple is more stoichiometric than the corresponding polycrys-
talline one because a single-crystalline sample naturally stays
in the stablest state?>32-34_ It is noteworthy that the effect of
FC the sample at 500 Oe renders a decrease in the CW temper-
ature to 655 =-16.69(3) K, by ~ 4.71%. This reduction results
from two main contributions: one is ~ 0.21% decrease in the
slope of x !, i.e., dx~'/dT; another is ~ 4.24% increase in
the intercept of ¥ ! (at T = 0 K). This interesting observation
rules out the above hypothesis of the existence of frozen Er’*
moments between 200 and 300 K and further supports that
there indeed exist AFM couplings in that temperature regime.
In addition, small applied magnetic fields (like 500 Oe used in
this study) can stabilize such kind of weak AFM couplings be-
fore the processes of spin-flop and spin-flip transitions 213337
occurring at higher field strengthes.

3.3 Magnetization versus applied magnetic field

We measured the magnetization as a function of applied mag-
netic field with a powdered single-crystalline sample as shown
in Fig. 3. At 2 K and 9 T, the measured magnetization MES,
= 4.3(5) ug (Table 1), roughly consistent with the previous
study '4 of a powder sample and ~ 47.8% of the theoretical

saturation value, 9.0 uz, indicating that nearly half Er3* spin
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Fig. 4 Observed (circles) and calculated (solid lines) SXRPD
patterns from the study using I11 (Diamond) at 500 K (a) and 80 K
(b). The vertical bars in each panel mark the positions of nuclear
Bragg reflections of SrEr,O4. The lower curves represent the
difference between observed and calculated patterns.

moments are magnetically frustrated. This is consistent with
the nonlinear increase in the magnetization curve with applied
magnetic field at 2 K as shown in Fig. 3. Such kind of mod-
ification in dM/JH with field has a clear temperature depen-
dence, and it still exists tenderly at 50 K.

3.4 High-resolution SXRPD study

To explore possible structural symmetry breaking in the com-
pound SrEr; O4, we collected the high-resolution SXRPD pat-
terns at 80 K, 298 K, and 500 K. Two representative patterns
as well as the related structural refinements are displayed in
Fig. 4. The refined results are listed in Table 2. The result-
ing crystal structure in one unit cell and the bent honeycombs
at 80 K are schematically depicted in Figs. 1(a) and (b), re-
spectively. All the observed Bragg peaks can be well indexed
with the space group Pnam, and no extra peaks were detected.
Therefore, there is no any structural phase transition between
80 and 500 K for the compound SrEr,O4. Indeed, the previ-
ous powder neutron-diffraction study !4 shows that the room-
temperature structure of polycrystalline SrEr,O4 is well con-
sistent with the space group Pnam.

4| Journal Name, 2010, [vol]1-7
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Table 2 Refined structural parameters (lattice constants a, b, and c,
unit-cell volume V, atomic positions, Debye-Waller thermal
parameter B), and the corresponding goodness of refinements of the
SXRPD data measured at 80, 298, and 500 K using I11 (Diamond).
Number in parenthesis is the estimated standard deviation of the last
significant digit.

SrEr; O4 (Orthorhombic, Pnam, Z = 4)

T (K) 80 298 500
a(A) 10.01660(2) 10.03860(2) 10.06411(2)
b (A) 11.85413(2) 11.86714(2) 11.88430(2)
c(A) 3.38484(1) 3.38952(1) 3.39571(1)
vV (A% 401.910(1) 403.791(1) 406.144(1)
Wyckoff site 4c: (x, y, 0.25)
x (Sr) 0.7527(1) 0.7525(1) 0.7527(1)
y (Sr) 0.6500(1) 0.6498(1) 0.6496(1)
x (Brl) 0.4227(1) 0.4228(1) 0.4227(1)
y (Erl) 0.1101(1) 0.1103(1) 0.1105(1)
x (Er2) 0.4232(1) 0.4233(1) 0.4233(1)
y (Er2) 0.6118(1) 0.6118(1) 0.6119(1)
x (O1) 0.2157(6) 0.2126(5) 0.2130(5)
y (Ol) 0.1755(4) 0.1737(4) 0.1737(4)
x (02) 0.1244(5) 0.1236(5) 0.1240(5)
vy (02) 0.4821(5) 0.4837(4) 0.4853(4)
x (03) 0.5104(6) 0.5113(5) 0.5121(6)
vy (03) 0.7851(4) 0.7863(4) 0.7873(4)
x (04) 0.4290(6) 0.4271(6) 0.4276(6)
y (04) 0.4221(4) 0.4216(4) 0.4234(4)
B (Sr) (A%) 1.12(2) 1.23(2) 1.37(2)
B (Erl) (A?) 0.58(1) 0.67(1) 0.72(1)
B (Er2) (A?) 0.61(1) 0.70(1) 0.76(1)
B (0) (A% 0.35(5) 0.56(5) 0.77(6)
Ryp 10.2 10.2 10.5
R, 7.43 7.51 7.70
21? 1.73 1.77 1.48

The resulting lattice constants, a, b, and c as listed in Ta-
ble 2, almost increase linearly from 80 to 500 K. So does
the corresponding unit-cell volume. This indicates that the
change in lattice constants of SrEr,O4 is dominated mainly
by the phonons’ variation with temperature, and there is al-
most no electronic contribution. This is in agreement with
our resistivity measurements, where the estimated resistance
of the studied single crystal is larger than 10® ohm. There-
fore, the compound SrEr, Oy is a robust insulator. The differ-
ences between refined room-temperature structural parameters
of SrEr,O4 compound from our single-crystal study (as listed
in Table 2) and from the previous study '* of a polycrystalline
sample (as shown in the Table 1 of Ref. 14) are probably due
to different stoichiometries of the two types of sample state
(polycrystal and single crystal) as foregoing remarks.

In principle, X-ray scattering is specifically sensitive to the
distribution of outer electron clouds. As listed in Table 2, the

F1U.Ud
11.865-

= +10.04
—11.860- .
E LN \:"’
Z11.855° 91003
: ‘
811.850/ r10.02
g
—11.845 +10.01

Unit-cell volume ¥ (A3)

100 150 200 250 300
T(K)

0 50

Fig. 5 (a) Temperature variation of the lattice-constants, a, b, and c.
(b) The unit-cell volume, V, expansion with temperature in the
Pnam symmetry. In this XRPD study, the temperature range is from
15 to 300 K. The data (symbols) are extracted by refining the
collected XRPD patterns. Error bars are standard deviations
obtained from the corresponding refinements. The solid lines are
theoretical calculations of the temperature-dependent structural
parameters using the Griineisen model with Debye temperature of
6p = 460(10) K as described in the text.

refined Debye-Waller factors (B) of the Sr, Erl, Er2, and es-
pecially the O ions, display an almost linear temperature de-
pendence, which reflects the behavior of equilibrium atomic
vibrations. This observation, to some extent, indicates that the
valence electrons in SrEr, Q4 are localized consistent with our
resistivity measurements and the foregoing remarks.

3.5 Thermal expansion studied by the temperature-
dependent XRPD

To explore the thermal expansions along the crystallographic
a, b, and c directions, we monitored a detailed temperature
dependence of the XRPD pattern. The resulting temperature-
dependent lattice constants (a, b, and c¢) and unit-cell volume
(V) between 15 and 300 K are shown in Fig. 5 (symbols).
Since SrEr, Oy is an insulator, we can neglect the electronic
contribution (which is o< T2, but actually much smaller than
the contribution from lattice vibrations) to the thermal expan-
sion of the lattice configuration (€). The temperature variation

This journal is © The Royal Society of Chemistry [year]
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of the nonmagnetic contribution component is then mainly
from phonons, which can approximately be estimated based
on the Grineisen rules at zero pressure with the first-order
fashion 3842

e(T) = & + KoU, )

where g is the lattice configuration at zero Kelvin, Kj is a
constant reflecting the compressibility of the sample, and the
internal energy U can be calculated based on the Debye ap-
proximations:

Op/T 3
al dx,
e —1

U(T) = Nk (T /@)’ [ )
where N (= 7) is the number of atoms per formula unit, ®p is
the Debye temperature. With model eqns (2) and (3), we fit the
lattice configuration (a, b, ¢, and V) of SrEr, Oy in the tempera-
ture range from 150 to 300 K and extrapolated the fits down to
low temperatures (15-150 K) as shown in Fig. 5 (solid lines).
As a whole, the temperature-dependent lattice constants com-
ply well with the theoretical estimations. The fit to the unit-
cell volume V results in ®p = 460(10) K, Vo = 401.7(1) A3,
and K = 4.8(5) x 10'° A3/J. It is pointed out that the upturn
of the V-curve below 25 K as shown in Fig. 5(b), which re-
sults largely from the corresponding increase in lattice con-
stant b (Fig. 5(a)), is attributed mainly to our X-ray powder
diffractometer because this behavior normally indicates a for-
mation of itinerant moments in the valence bands*!', whereas
such case is completely inconsistent with the fact that the com-
pound SrEr,O4 is a robust insulator as foregoing remarks.
We compare the lattice variations between 50 K and 280 K,
ie., (azsox —asox)/asox = 0.243(1)%, (bzgox — bsox)/bsox
= 0.112(1)%, and (c2g0x — ¢s0k)/c50x = 0.137(1)%, which
jOiIltly results in (VzgoK — VSOK)/V5OK = 0492(1)% There-
fore, the thermal expansion is anisotropic along the three crys-
tallographic orientations (a, b, and ¢ axes).

4 Conclusions

In summary, we have studied a single crystal of
Sry.04(3)Er2.00(6)O4.00(1) by magnetization measurements
and X-ray powder diffraction studies. By modeling the ZFC
and FC magnetization with a CW law, we find that the CW
temperature is negative, e.g., 05 ¢ = -15.94(3) K, indicating
a net AFM coupling strength. The difference between the
refined ZFC and FC CW temperatures and the reduction of
the relevant effective PM moments in contrast to the theoret-
ical saturation value indicate that a small fraction of AFM
couplings may persist up to 300 K. The measured magnetic
moment per Er** ion at 2 K and 9 T is 4.3(5) ug, nearly half
the corresponding theoretical saturation value (9 ug), which
implies that there exists a strong AFM frustration, especially

at temperature points below ~ 15 K, and that the measured
moment may be from only one of the two inequivalent Er
sites in accord with the previously-determined magnetic
structure. Our high-resolution powder synchrotron X-ray
diffraction studies demonstrate that the structural symmetry
remains with the orthorhombic one in the studied temperature
range from 80 to 500 K, and there is no any structural phase
transition detected. The deduced temperature-dependent
lattice parameters by our in-house XRPD studies display
an anisotropic thermal expansion along the a, b, and ¢ axes
and agree well with the Griineisen rules consistent with the
localized magnetic configuration.
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