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We report on the first single crystal study of StTm2O4. Magnetization measurements along the crystallographic axes of a nearly
stoichiometric Sty g7(3)Tmz.07(6)O4.00(2) sample show either a positive or a negative Curie-Weiss temperature indicative of a
competition between antiferromagnetic and ferromagnetic couplings. The field-dependent magnetization suggests an effective
Zeeman splitting of the high-level J-multiplets above ~8.3 T and that the paramagnetism may originate from only one of the
two inequivalent Tm>* crystallographic sites. Our single-crystal polarized neutron scattering and powder unpolarized neutron
diffraction data show no evidence for either long- or short-range magnetic order even down to ~65 mK. We reveal two TmOg
octahedral distortion modes, i.e., one distortion is stronger than the other especially at low temperatures, which is attributed to
different crystal fields of the two inequivalent octahedra. Therefore, the compound SrTmy0Oy4 is unique and different from its
brethren in the family of frustrated SrRE>O,4 (RE = rare earth) magnets. We propose that crystal field anisotropy may dominate

over weak dipolar spin interactions in StTmyO,, thereby leading to a virtually non-ordered magnetic state.

1 Introduction

Geometric frustration, e.g., in edge-sharing tetrahedra, corner-
shared networks in spinels or triangular Kagomé and py-
rochlore lattices ', often results in anomalous magnetic prop-
erties in lanthanide-based magnetic systems and prevents the
relevant magnetic ions from ordering in the usual long-range
fashion at low temperatures even far below the energy scale
of individual spin-spin pair interactions. Consequently, struc-
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tural distortion, short-ranged magnetic ordering and/or non-
collinear magnetic structures may result to release or to indi-
cate the frustration. This is accompanied normally by a re-
duction of the ordered moment from its theoretical saturation
value 13,

The family of frustrated SrRE-O4 (RE = rare earth)
compounds adopts an orthorhombic structure (space group
Pnam)'® which accommodates two inequivalent atomic sites
for the RE (RE1 and RE2) ions. These compounds were first
synthesized in 19672°. A study of polycrystalline STRE;0,
samples?! reveals that the relevant RE ions are frustrated geo-
metrically, where the short-range magnetic orders of STRE2Oy4
(RE = Dy, Ho, Er) compounds persist down to ~1.5 K; and
no magnetic ordering was observed at ~1.5 K in the STRE2O4
(RE = Tm, Yb) compounds, which was attributed to the
low magnetic moments of the heavy lanthanides Tm and Yb.
One neutron scattering study of a SrYb,Oy, single crystal re-
veals that the compound undergoes a magnetic phase transi-
tion upon cooling at Ty = 0.9, forming long-range commen-
surate noncollinear antiferromagnetic (AFM) order but with a
reduction in the ordered moment compared to the ionic mo-
ment, i.e., the total ordered moments of the Ybl (~3.88 ug
at 30 mK) and Yb2 (~2.17 ugz at 30 mK) sites are reduced
from the theoretical full ionic value (4 uB)zz. To our knowl-
edge, no neutron scattering study of single-crystal SrTmyOy
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Fig. 1 Complete neutron Laue patterns of single-crystal SrTm2O4 with real-space lattice vectors as displayed, which was measured with the
neutron Laue diffractometer, OrientExpress >, located at ILL. The distances between a detector and the sample are 3.5 cm (a1, by, ¢1), 9.0 cm
(az, b2, c2), and 18.0 cm (as, bs, c3), respectively. We chose a pinhole with 3 mm diameter for the neutron beam impinging on the crystal and
a 20-mins exposure. The incoming neutron beam is perpendicular to the planes of the Laue spots and thus parallel to the unit-cell edges, i.e.,
the neutron beam was running along the c¢ axis (a1, az, as), b axis (b1, bz, bs), and a axis (c1, c2, c3), respectively.

has been reported '°. Recently, the magnetic ordering of an-
other frustrated candidate BaNd;O, with the same isostruc-
tural symmetry as that of the StRE>O, family has been re-
ported?*. Besides scientific research interests, the Eu lightly-
doped SrY;0,4 compound promises a potential application to
temperature sensors >>.

To shed light on the nature of the magnetic frustration in
SrRFE>04 compounds, it is crucial to explore the spin states
and related frustrations in all StRE50,4 compounds. In this
paper, we report on the first single crystal study of the com-
pound SrTmsOy. Surprisingly, both polarized and unpolar-
ized neutron scattering studies show no sign of any types of
magnetic order down to ~65 mK. These observations render
SrTmyO4 a unique compound in the family for theoretical and
further experimental explorations.

2 Experimental

Polycrystalline and single-crystalline samples of the com-
pound SrTmyO,4 were synthesized with the similar procedures
to those reported previously 2°2°. The chemical stoichiometry
of the single crystal being studied here was quantitatively es-
timated by inductively coupled plasma with optical emission
spectroscopy (ICP-OES) analysis. The dc magnetization of a

SrTmy0y single crystal with orientated crystallographic direc-
tions was measured as a function of temperature from ~1.9-
300 K at 1 T using a Quantum Design MPMS-7 SC quan-

Fig. 2 An accurate simulation of Fig. 1(az2) by the software
Esmeralda Laue Suite* with the same experimental parameters.
The index of some selected reflections have been highlighted in
order to clearly identify the crystallographic axes.
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Fig. 3 Neutron diffraction data (circles) of the Bragg (6, 0, 0) (a1, a2, a3), (0, 4, 0) (b1, b2, bz) and (0, 0, 2) (c1, c2, c3) nuclear reflections
measured at room temperature using IN3 (ILL). (a1, b1, ¢1) The corresponding x scans show the misorientation of the single crystal. (az, ba,
c2) The corresponding rocking curve 8-scans indicate the mosaic spread of the single crystal. (as, bs, ¢3) The corresponding Q-scans along
the H, K and L directions in reciprocal space. The lines are Gaussian fits. Inset schematically shows the angles x (denoting a rotation out of
the scattering plane) and 0 (denoting a rotation within the scattering plane) in real space for the corresponding scans around the b axis.

tum interference device (SQUID) magnetometer. The high-
temperature (~580-880 K) dc magnetization at 1.5 T of an-
other SrTmy0,4 sample with unknown crystallographic orien-
tations and the dc magnetization of powdered SrTmy0O,4 sam-
ples as a function of applied magnetic field (upto 9 T) at 2 K,
40 K and 80 K were measured using a commercial physical
property measurement system (PPMS). The field-dependent
magnetization was acquired after cooling in zero magnetic
field (ZFC).

We cleaved a piece of the SrTm,0, single crystal with a
mass of ~0.8 g for the following neutron-scattering studies.
This sample was oriented in the (H, K, 0) scattering plane of
the orthorhombic symmetry with the neutron Laue backscat-
tering diffractometer, OrientExpress?3, at the Institut Laue-
Langevin (ILL), Grenoble, France. Neutron diffraction study
was performed at room temperature using the IN3 (ILL) ther-
mal triple-axis spectrometer with fixed final energy at ~14.67
meV. Uniaxial longitudinal neutron polarization analysis was
carried out on the D7 (ILL) diffractometer>' at a wavelength
X\ =4.8 A equipped with a dilution refrigerator. The scattering
from an amorphous quartz standard was used to calibrate the

polarization efficiency for each detector, giving a mean polar-
ization of ~0.88. The data were calibrated with vanadium for
detector efficiency and with amorphous quartz for polarization
corrections. The corresponding background was measured at
~1.6 K using an empty sample holder. Measurements were
carried out with the neutron polarization, f’, aligned normal to
the scattering plane (defined as the Z-direction).

High-resolution neutron powder diffraction (NPD) patterns
were collected at temperatures 0.5 K and 4 K on the structure
powder diffractometer (SPODI)?? at the FRM-II research re-
actor in Garching, Germany. The wavelength was fixed at A =
2.54008(2) A which has been obtained from the refinement of
Si standard. The rest of the StTm2O, single crystal (~3.91 g)
was gently ground into powder and then sealed in a cylindrical
vanadium container that was mounted in a 3He insert with a
normal cryorefrigerator. The detector was scanned with a typ-
ical step size of 0.05°. The NPD data were refined with the
Fullprof suite**. A Pseudo-Voigt function was used to model
the peak profile shape. The background was refined using a
linear interpolation between selected data points. The scale
factor, zero shift, wavelength, peak shape parameters, asym-
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metry, lattice parameters, atomic positions, isotropic thermal
parameter B as well as the preferred orientation (from a pow-
der diffraction), etc., were all refined with some constrains.
Throughout this paper, the wave vector Q(r k1) AH=
(Qy. Q. Q) is defined through (H, K, L) = (£ Qp, 2 Qk.
i@ 1) quoted in units of r.L.u., where a, b, and c are relevant
lattice parameters referring to the orthorhombic unit cell.

3 Results

3.1 ICP-OES measurements

From our ICP-OES measurements, we determine the mole
chemical compositions as Sty g7(3)Tmz.07(6)04.00(2), indicat-
ing that the single crystal being studied here is nearly stoichio-
metric within the experimental accuracy.

3.2 Neutron Laue diffraction patterns

To precisely determine the crystallographic orientations for
the following neutron diffraction studies and magnetization
measurements along the a, b and ¢ axes, we record the
regularly-spaced Bragg diffraction spots of SrTmsO4 with
a neutron Laue diffractometer equipped with a CCD detec-
tor coupled to a neutron scintillator. The complete back-
diffraction patterns mapping the [u, v, 0] (Fig. 1(a)), [u, 0, w]
(Fig. 1(b)) and [0, v, w] (Fig. 1(c)) zone indices are displayed
in Fig. 1. When the distance between a detector and the ex-
amined single crystal dgetector-samp1e ~ 3.5 cm (Figs. 1(a;),
1(b1), 1(cy)), it is easy to distinguish the ¢ axis from the a
and b axes (Figs. 1(by), 1(c1)) due to the big difference be-
tween the c lattice constant and the a and b lattice constants
(Table 1). However, it is not easy to clearly distinguish the a
from the b axis due to the proximity of the lattice constants a
and b (Table 1), though the Laue patterns (Figs. 1(a;), 1(by),
1(cy)) are highly symmetrical (practically, 2-fold) with sets of
Laue spots arranged in rings or lines about the center of the
respective patterns. The separation of the Bragg reflections
was done by increasing the detector-sample distances to ~9
cm (Figs. 1(az), 1(bs), 1(c2)) and ~18 cm (Figs. 1(a3), 1(bs),
1(c3)). These images were oriented using the OrientExpress
software??. A confirmation of the obtained orientations was
done by simulations of the Laue patterns of StTmy0O,4 com-
pound using the Esmeralda Laue Suite®’. The Laue patterns
together with the determination of the crystallographic direc-
tions are shown in Fig. 1. One representative simulation of
Fig. 1(as) in addition to associated indices is schematically
shown in Fig. 2. We thus can assign the Laue spots to detailed
crystal planes that reflect off the incoming neutron beam and
generate them and determine the crystallographic directions.
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Fig. 4 (a) ZFC Magnetization normalized to a single Tm®* ion
along the crystallographic a, b and ¢ axes as a function of
temperature from ~1.9 to 300 K at 1 T. Due to a high density of
data points (~440 at each axis), they almost overlap each other. (b)
The corresponding inverse magnetic susceptibility x ~* (symbols)
deduced from the magnetization measurements as shown in (a). The
solid lines are fits to the data (along the a axis: 200-300 K, 109
points; along the b axis: 250-300 K, 56 points; along the ¢ axis:
200-300 K, 109 points) with a Curie-Weiss law (eqn (1)) as
described in the text and extrapolated to lower temperatures (dashed
lines). The fit results are listed in Table 2.

3.3 Neutron diffraction study

We characterized the single crystal by a neutron diffraction
study at room temperature as shown in Fig. 3. The angle x
(Fig. 3) in the IN3 scattering geometry represent the size of
misorientation of the single crystal. By fitting the data (cir-
cles in Figs. 3(ay), 3(b1), 3(c1)) to a Gaussian function, we
find that the misorientations of the a, b and ¢ axes are ~4.3°
(Fig. 3(a1)), ~3.0° (Fig. 3(by)) and ~0.6° (Fig. 3(cy)), respec-
tively, which was probably resulting from a re-mounting of the
sample. The full width at half maximum for the nuclear Bragg
(6,0,0),(0,4,0)and (0, 0, 2) reflections are 0.61(1)°, 0.61(1)°
and 0.63(1)°, respectively, indicating an almost isotropic mo-
saic spread in real space within the present experimental ac-
curacy. The Q-scans along the H (Fig. 3(a3)), K (Fig. 3(bs))

4| Journal Name, 2010, [vol]1-12
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Table 1 Refined structural parameters (lattice constants a, b and ¢, atomic positions, Debye-Waller thermal parameter B) and associated bond
angles and bond lengths as well as the corresponding goodness of refinements by the Fullprof Suite* from the NPD data measured at 0.5 K
and 4 K using SPODI (FRM-II). We list the lengths of NNB, NNNB and the next-NNN (NNNNB) Tm1-Tm1, Tm2-Tm2 and Tm1-Tm2
bonds for discussion in the text. The calculated unit-cell volume V, average bond-lengths (Tm1-01,2,3) and (Tm2-01,3,4), and the extracted
octahedral distortion parameter A (as defined in the text) are also listed. All atoms are located at the Wyckoff site 4c, i.e., (x, y, 0.25). Number
in parenthesis is the estimated standard deviation of the last or the next last significant digit.

Pulverized single-crystal StTm2O4 (Orthorhombic, space group: Pnam)

T (K)
a,b,c(A)
a? /B’ ’y (O)
V (A%
Atom

Sr

Tml

Tm2

(0]

02

03

04

ZTml1-02-Tml (°)
/Tm1-03-Tm1 (°)
/Tm1-01-Tm2 (°)
/Tm1-03-Tm2 (°)
/Tm2-01-Tm2 (°)
£/Tm?2-04-Tm2 (°)
£01-Tm1-02 (°)
/02-Tm1-03 (°)
£03-Tm2-04 (°)
£01-Tm2-04 (°)

0.5 4
9.9759(1) 11.8150(1) 3.3809(1) 9.9764(1) 11.8148(1) 3.3811(1)
90 90 90 90 90 90
398.490(6) 398.523(6)

X y B (A% X y B (A%
0.7536(2) 0.6501(2) 0.65(8) 0.7529(3) 0.6489(3) 0.54(8)
0.4218(3) 0.1084(3) 0.52(7) 0.4210(3) 0.1075(3) 0.33(7)
0.4244(3) 0.6133(2) 0.14(7) 0.4238(3) 0.6125(3) 0.64(8)
0.2104(3) 0.1723(2) 0.40(9) 0.2103(3) 0.1739(3) 0.53(9)
0.1236(2) 0.4807(2) 0.70(9) 0.1256(3) 0.4806(3) 0.40(10)
0.5160(3) 0.7840(2) 0.32(8) 0.5154(3) 0.7832(2) 0.52(9)
0.4250(3) 0.4239(2) 0.56(9) 0.4259(3) 0.4247(2) 0.26(10)

94.04(10), 97.41(20) 94.24(12), 96.6(2)
100.15(10) 99.20(10)
117.0(2) 116.1(2)
129.9(2) 130.4(2)
96.28(10) 96.01(11)

94.40(10), 101.10(16)
172.1(2), 92.04(17)
173.13(15), 91.02(16)
155.5(2), 84.53(15)
172.48(17), 107.98(17)

94.51(10), 101.4(2)
173.4(3), 92.2(2)
173.57(18), 90.55(18)
155.1(2), 84.55(16)
171.80(18), 108.9(2)

Tml-Tml (NNB, NNNB, NNNNB) (A)
Tm2-Tm2 (NNB, NNNB, NNNNB) (A)
Tm1-Tm2 (NNB, NNNB, NNNNB) (A)
Tm1-01 (x 1) (A)

Tm1-02 (x 3) (A)

Tm1-03 (x 2) (A)

Tm2-01 (x 2) (A)

Tm2-03 (x 1) (A)

Tm2-04 (x 3) (A)

(Tm1-01,2,3) (A)

(Tm2-01,3.4) (A)

A (x107%)

Ry, Ryp, Reap, X2

3.3809, 3.4428, 5.8918
3.3809, 3.5072, 5.9297
3.8456, 4.0029, 5.6110
2.2400(42)
2.2718(37), 2.3107(29) (x 2)
2.2043(27)
2.2698(27)
2.2142(35)
2.2378(33), 2.3039(28) (x 2)
2.2569(13)
2.2665(12)
Tml: 3.870, Tm2: 2.069
2.07,2.73, 1.14,5.76

3.3810, 3.4344, 5.8871
3.3810, 3.4980, 5.9245
3.8333, 4.0248, 5.6000
2.2437(43)
2.2913(44), 2.3069(34) (x 2)
2.2199(28)
2.2746(30)
2.2142(43)
2.2189(43), 2.3020(29) (x 2)
2.2648(15)
2.2644(14)
Tml: 2.836, Tm2: 2.482
2.39,3.24,1.58,4.19

and L (Fig. 3(c3)) directions confirm the former determination
of the crystallographic directions by neutron Laue backscat-
tering.

3.4 Magnetization versus temperature

We first measured the dc magnetization of SrTmyO, along its
crystallographic a, b and ¢ axes as shown in Fig. 4. Fig. 4(a)
shows that with decreasing temperature the magnetization
along the b axis increases in the whole temperature range and
is clearly higher than those along the a and ¢ axes; by compar-

ison, below ~10 K, the increases of the magnetization along
the a and ¢ axis become relatively slow so that there are clear
kinks in the data curves around 10 K.

The linear increase of the inverse magnetic susceptibility
X ! = poH/M with temperature in a paramagnetic (PM)
state obeys well the molar susceptibility according to the
Curie-Weiss (CW) law:

_ C _ NsM?Z
T—0cw 3kp(T —0Ocw)’

x(T) 6]
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Fig. 5 Magnetization normalized to a single Tm®* ion as a function 0.0 ' ' ' '
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of temperature from ~580 to 880 K at 1.5 T (left ordinate) and the
corresponding inverse magnetic susceptibility y ~! (right ordinate).
The dashed line is a fit to the data with a Curie-Weiss law (eqn (1)).

where C is the Curie constant, 6y is the CW temperature, N 4
=6.022 x 1023 mol ! is the Avogadro’s number, M, ¢ is the
effective PM moment, and kg = 1.38062 x 1023 J/K is the
Boltzmann constant. Fig. 4(b) shows our fits (solid lines) to
the data with eqn (1) in the respective temperature regimes,
and the derived results are listed in Table 2.

To extract the intrinsic PM properties of StTm,0O,4, we mea-
sured the high-temperature (~580-880 K) magnetization at
1.5 T as shown in Fig. 5. From the fit to the data with eqn (1),
shown as the dashed line in Fig. 5, we derive a measured M
=7.69(1) ug per Tm3T ion. This value is very close to the ex-
pected theoretical value M~ 7.56 up of the ground state
3 Hg determined by the Hund’s rules. This is consistent with
the fact that the studied single crystal is almost stoichiometric.
We also deduce that Ocw = -41.6(2) K, implying a net AFM
coupling strength.

3.5 Magnetization versus magnetic field

To explore the Tm®* magnetic state and possible high
magnetic-field effect on the high-level J-multiplets using
eqn (2) as discussed below, we measured the field-dependent
magnetization of powdered SrTmsO4 samples as shown in
Fig. 6. The measured moment size per Tm3 ion at 9 T and
2 Kis 2.60(1) pp, ~37.1% of the corresponding theoretical
value 7.0 up, indicative of a strong single-ion anisotropy due
to crystal field effects3*. The nonlinear field-dependence at
low temperatures as shown in Fig. 6 would result from pure
paramagnetism, ferromagnetism, a magnetic-polaron state 3’
or a short-range AFM state taking into account the pro-
cesses of spin-flop and spin-flip transitions with increasing
field3*3637. At 2 K, there is no appreciable magnetic hys-
teresis effect detected. This, along with the fact that the stud-

4 5
#oH (T)

Fig. 6 As displayed, ZFC magnetization measurements at 2 K with
a loop of increasing (0 to 9 T) and decreasing (9 to 0 T) magnetic
field (circles, both field-dependent curves overlap each other due to
a high-density of data points and thus are indistinguishable) and
ZFC magnetization as a function of applied magnetic field at 40 K
and 80 K (circles). It is clear that no appreciable hysteresis effect
appears in single-crystal SrTm2O4 at 2 K as observed in traditional
ferromagnets. The solid lines are fits to the eqn (2) (details in the
text). H1 and Hs are marked for discussion in the text.

ied single crystal is nearly stoichiometric, clearly rules out the
possibility for a ferromagnet. The field-dependent magnetiza-
tion at low temperatures obeys a Brillouin function modified
specifically for a frustrated paramagnet:

M(H) = nM:Z By(x),with
2J+1 2J +1 1 1
By(z) = 57 coth( 57 x) — Ecoth(ﬁx),ﬂ)

where 1) denotes the degree of the magnetic frustration, M3t
is the theoretical value of the saturation mole moment, J is the
total angular momentum, and x = %%H The correspond-
ing values of these parameters are listed in Table 2. Eqn (2)
was used to fit the measured data as shown in Fig. 6, giving
1 = 0.504(1) at 2 K.

3.6 Polarization analysis at D7

Figure 7 shows neutron polarization analysis data in the spin
flip (SE i.e., flipper on) and non-spin flip (NSF, i.e., flipper
off) channels. Polarized neutron magnetic scattering depends
on the direction of the neutron polarization P with respect to
the scattering vector Q and also the direction of the ordered-
moments fr. In our study, P is normal to the scattering plane
and also parallel to the ¢ axis®'. In this configuration, tak-
ing into account the fact that the compound SrTm;O,4 does

6| Journal Name, 2010, [vol]1-12
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Table 2 The quantum numbers of single-crystal StTm2O4: spin S,
orbital L, total angular momentum J as well as Landé factor g; and
ground-state term 2571 L ;. We also summarize the theoretical
(theo) and measured (mea) values of the effective (eff) and
saturation (sat) Tm>" moments, pees and psac, respectively, the
CW temperature, 0.y, and the frustrating parameter 7 included in
eqn 2. Number in parenthesis is the estimated standard deviation of
the last significant digit.

SrTm2Oy4 single crystal

4f ion Tm°™
4f° 12
S 1
L 5
J = L + S (Hund’s rule for free Tm®*) 6
aqJ 7/6
2S+1 LJ 3H6
Ml = giv/J(J 4+ 1) (ps) ~7.56
Ml = g5 (pe) 7.00
ML /Tm®™ (a axis, 200-300 K, 1 T) (us) 7.56(1)
MEEE /T3t (b axis, 250-300 K, 1 T) (uz) 7.85(1)
MEEE /Tm®T (c axis, 200-300 K, 1 T) (ue) 7.38(1)
MEEE /Tm3T (580-880 K, 1.5 T) (us) 7.69(1)
Ocy (a axis, 200-300 K, 1 T) (K) -12.7(1)
Ocw (b axis, 250-300 K, 1 T) (K) 43.0(2)
Ocw (c axis, 200-300 K, 1 T) (K) -12.7(1)
O (580-880 K, 1.5 T) (K) -41.6(2)
Moo /T®*T 2K, 9T) (115) 2.60(1)
7 (eqn 2) 0.504(1)

not display any ferrimagnetic component, the spin-dependent
cross-sections may be written as:

do.s= 2 do do 1L

(E) = g(@)nsi (E)magaﬂd (3)
dO’ NSF 1 dO’ dO’ dO' I

(E) = g(@)m (E)m + (@)mg’ (4)
where

do 2 MaTe 2 Lo 9

(G = 522V IQDAI(T+1), )

where v, = -1.913 is the neutron gyromagnetic ratio, v, =
2.81794 x 107° A is the classical electron radius, fi(|Q|) is
the magnetic form factor at the magnetic reciprocal lattice (Q),
gs and J are the Landé factor and total angular momentum,
respectively. The cross-section subscript nsi refers to the nu-
clear spin incoherent contribution. The subscript nuc refers to
nuclear and isotopic incoherent contributions. The magnetic
contributions, given by the subscript mag, are subdivided into
two parts: those components that are perpendicular to both P
and Q give rise to SF scattering?!, i..,

do 1 ~ N

(S e 2L | (P X Q) ©)

those components of £ that are parallel to P, hence normal to
the scattering plane and parallel to the ¢ axis, give rise to NSF
scattering, i.e.,

do ||

(S0 s 0L | ). @

Figure 7 displays no obvious magnetic scattering at ~65
mK from either long- or short-ranged magnetic ordering. The
NSF scattering displayed in Fig. 7(a) shows Bragg peaks that
can be indexed with the corresponding orthorhombic struc-
ture. There is some parasitic intensity visible in the SF scat-
tering as shown in Fig. 7(b) due to small errors coming from
the imperfect polarization correction. However, there are in-
deed no new Bragg peaks, which would imply a long-range
magnetic order with the nonzero propagation vector, nor is
there any obvious diffuse scattering from short-ranged order-
ing, within the (H, K, 0) scattering plane.

3.7 NPD study at SPODI

We performed a NPD analysis as shown in Fig. 8. The large
mass of the measured powder and the considerable counting
time (e.g., ~26 h at 0.5 K) enabled us to detect possible mag-
netic neutron scattering signal as verified in the studies of
references 40 and 43 where the same neutron diffractometer
SPODI was used. The Bragg peaks in the collected NPD pat-
terns can be indexed by the orthorhombic structural model,
which rules out possible magnetic ordering with a nonzero
propagation wave vector consistent with our polarization anal-
ysis presented above.

Figure 9 schematically depicts the resulting crystal struc-
ture (Fig. 9(a)), local connections of the TmOg octahedra
(Figs. 9(b), 9(c)), as well as the bent Tmg honeycomb and its
projection to the ab plane (Figs. 9(d) and 9(e), respectively).
The TmOg octahedra build up a 3D network in the way of
sharing edges between Tm10g or Tm20Og. The connections
between both types of octahedra are their in-plane and spatial
corners. By way of example, two nearest Tm10g octahedra
(Fig. 9(b)) share a common O2-03 bond along the ¢ axis, and
the Tml and Tm?2 sites are connected by the O1 or O3 ions
(Fig. 9(a)).

Based on the irreducible representation analysis to the lower
P-1 symmetry 3, we tried all possible magnetic models with a
propagation wave vector at Q = (0, 0, 0)?? to analyze the NPD
data. One representative Fullprof3? refinement is displayed in
Fig. 10. We find a reasonable refinement only when the Tm
moments are along the ¢ axis in agreement with our magne-
tization measurements as shown in Fig. 4, although the val-
ues of the goodness-of-fit give no appreciable improvement in
comparison with those from the refinement with only nuclear
structural model (Table 1). The resulting Tm1 and Tm2 mo-
ments are +0.30(21) and -0.20(21) ug at 0.5 K, respectively.

This journal is © The Royal Society of Chemistry [year]
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This suggests that there is no ordered moment and thus no
long-ranged magnetic ordering at all consistent with our mag-
netic characterizations. We, therefore, conclude that SrTm,0O4
is a totally-frustrated compound at least at 7' > 65 mK.

4 Discussion

As listed in Table 2, it is noteworthy that the derived effective
PM moments are ~7.56 ug, ~7.85 pg, and ~7.38 ug, and the
CW temperatures are ~-12.7 K, ~43.0 K, and ~-12.7 K along
the a, b, and c axes, respectively, indicating a strong competi-
tion between AFM and ferromagnetic couplings that may re-
sult in the magnetic frustrations in StTm2QO4. The effective
PM moment along the b axis is higher than the expected theo-
retical value (Table 2), implying that magnetic polarons 33342
may form in that direction consistent with the fact that its
derived CW temperature is positive. The upward deviations
of the inverse magnetic susceptibility x~! from our calcula-
tions based on the theoretical CW law (Fig. 4(b)), especially
along the b axis, indicate that AFM correlations in SrTmyOy
may form at higher temperatures (up to ~250 K along the b
axis) in agreement with the similar observation in SrEry04*
and our further analysis of the D7 data (as discussed below).
The measured magnetization as shown in Fig. 4(a) is strongly
anisotropic, implying a potential anisotropic crystal-field ef-
fect. It is pointed out that the magnetization measured here
does not need to be regularly arranged as required by a neu-
tron diffraction study where the moment being detected has to
form periodically and obey strictly the Bragg law. It is also
stressed that the CW law validates only in a pure PM state
as demonstrated here by our high-temperature magnetization
measurements (Fig. 5).

In SrTmyQy, there exists AFM correlations and the CW
temperature derived from the high-temperature measurements
is -41.6(2) K. However, no evidence for a magnetic ordering,
even short-ranged, appears down to ~65 mK in our neutron-
diffraction studies. This implies that there exists an extremely
strong magnetic frustration for the Tm®* ions in SrTm,0y or
the crystal-field energy level overwhelms that of the spin-spin
interactions. As shown in Fig. 9(d), the Tm1 or Tm2 nearest-
neighbour bonds (NNBs) are staggered respectively along the
¢ axis, while the connections between the Tm1 or Tm2 next-
NNBs (NNNBs) form ladder-like chains in the same direc-
tion. Altogether, the NNBs and NNNBs of the Tm1 or Tm2
ions form isosceles triangles for zigzag chains. These Tm
chains are arranged to form bent Tmg honeycombs (Figs. 9(d),
9(e)). In this crystallographic environment, the similarity of
the NNB and NNNB and the low coordination numbers of the
Tm ions are believed to cause the geometric frustration of the
spin lattice. In addition, potential stronger and competing Tm-
Tm spin interactions, by virtue of the shorter NNB compared
to that of the Tb-Tb ions in SrTby0,42°, may be insufficient to

et Sy
— 65 mK @ D7

==

K (rlu.)

4 3 -2 -1 0 1 2 3 ‘
H (r.lu.)

Fig. 7 Polarization analysis data measured at ~65 mK using D7
(ILL). (a) The NSF, i.e., flipper off, and (b) SF, i.e., flipper on,
channels are shown with the same colour code for intensity. The
background measured at ~1.6 K with a comparable empty sample
holder was subtracted. It is pointed out that the non-perfect
polarization unintentionally leads to a translucence of the strongest
nuclear Bragg peaks, e.g., (0, =4, 0), in the SF channel (details in
the text).

overcome the crystal electric field, which therefore leads to a
magnetically non-ordered state.

8| Journal Name, 2010, [vol]1-12
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Fig. 8 Observed (circles) and calculated (solid lines) NPD patterns
from the study using SPODI (FRM-II) at 0.5 K (a) and 4 K (b) with
counting time ~26 h and ~12 h, respectively. The vertical bars in
each panel mark the positions of nuclear Bragg reflections of Al
(lower row) (from sample environment) and SrTm2O4 (upper row),
respectively. The lower curves represent the difference between
observed and calculated patterns. The vertical arrow located in (a)
marks roughly the center position of the observed extremely-broad
magnetic diffuse scattering which was attributed to the presence of
short-ranged magnetic ordering in the polycrystalline StRFE204 (RE
= Ho, Er, Dy) samples in the study of reference 21 where the
wavelength employed for the NPD study is 1.5402 A. It is clear that
no appreciable diffuse magnetic scattering can be observed from the
powdered SrTm2O4 single crystal.

Two explanations are possible for the refined 7 = 0.504(1)
at 2 K (eqn (2)). Firstly, the Tm1 and Tm?2 sites present mea-
surable magnetization, but all magnetization from both sites
as a whole are nearly frustrated half even in the PM state,
and the frustrated spins are in a strong freezing state. Sec-
ondly, the measurable magnetization derives from only one of
the two Tm sites, probably the Tm1 site, and the magnetiza-
tion from the other site (Tm?2) is frustrated completely. Al-
though both cases can lead to the slight increase in magneti-
zation from H; ~ 3.6 to Ho ~ 6.5 T as shown in Fig. 6, the
later case is more favourable because it resembles the mag-

netic behaviour of the Tb1 and Tb2 sites in the magnetically-
ordered state of SrTb,042° and is consistent with the study
of SrEry04*. Most importantly, there is no appreciable mag-
netic relaxation at 2 K after magnetic field has reached even 9
T. The obvious decrease in the measured magnetization above
~8.3 T at 2 K in contrast to the theoretical Brillouin calcu-
lation (Fig. 6) may suggest a Zeeman splitting effect on the
high-level J-multiplets.

We calculate the average octahedral distortion parameter A
as defined by:

I dn = (d) s
A—g;(—% )

where d,, and (d) are the six Tm-O bond lengths along the
six crossed directions and the mean Tm-O bond length (Ta-
ble 1), respectively. We note that the A values of the Tml
and Tm?2 ions have a similar magnitude to that of the Tb2 ion
in SrTby04%%. Since the magnetic moments associated with
these three ions disorder entirely, it is thus reasonable to in-
fer that the magnitude of the A value acts as an indicator of
whether the RE ions in SrRFE>0,4 may order magnetically. In
addition, as temperature decreases from 4 K to 0.5 K, the A
value of the Tm?2 ion decreases, whereas that of the Tm1 ion
increases (Table 1). This reflects the temperature-dependent
behavior of the Tbl and Tb2 ions in SrTby0,4 2. It is neces-
sary to explore this common tendency in other family mem-
bers of SrRFE>04 compounds.

Based on the refined Tm-O bond lengths (Table 1), we de-
duce two distortion modes for the Tm10g and Tm20Og octa-
hedra as shown in Figs. 9(b) and 9(c), respectively. It is in-
teresting that both distortion modes are the same as the cor-
responding ones of the Tb10g and Th20g4 octahedra?®, indi-
cating a common feature. Both distortion modes may be as-
cribed to the crystal field anisotropy, which is consistent with
the computation of the crystal-field levels that demonstrate
site-dependent anisotropic single-ion magnetism in the com-
pounds SrHo,04 and SrDy,04** and is supported by the ob-
servation in compound SrTb,0,4 ?® where the partially-ordered
Tb1 moments qualitatively point to the direction of the stress
product imposed on the Tb1 ion by the Tb1Og octahedral dis-
tortion.

Theoretically, both Tm3* and Tb3* are non-Kramers ions
with saturation magnetic moments of 7.0 up and 9.0 up,
respectively. However, at 0.5 K, SrTb,O, displays an in-
commensurate noncollinear AFM structure?® with partially-
ordered moments 1.92(6) up (at the maximum amplitude) ac-
commodated only at the Tb1 site. In contrast, StTmO4 shows
no magnetic ordering. The shortest interatomic Tm-Tm (Ta-
ble 1) and Tb-Tb2° distances at 0.5 K are 3.3809 A and 3.4523
A, respectively, which, in conjunction with the foregoing re-
marks, imply that a direct exchange interaction between the

This journal is © The Royal Society of Chemistry [year]
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. 14 A
L 3

S N\ e e N
S A\Lc —

Fig. 9 (a) Crystal structure in one unit cell (solid lines) as refined
from the SPODI (FRM-II) data measured at 0.5 K. Local
connections and deduced distortion modes of the bent Tm10¢ (b)
and Tm20Os (c) octahedra. The arrows drawn through the 02~ jons
or lying in the Tm-O bonds represent the induced stress vectors for
the associated O, Tm1 and Tm?2 ions (details in the text). The bent
Tmg honeycomb (d) as well as its projection to the ab plane (e). In
(d), the nearest-neighbour (Tm1-Tm1 = Tm2-Tm?2 = 3.3809 A) and
the next-nearest-neighbour (Tm1-Tm1 = 3.4428 A < Tm2-Tm2 =
3.5072 A) Tm bonds are marked as NNB and NNNB, respectively.

magnetic RE ions in StRE,04 plays no role in potential spin
couplings. The implication is consistent with the fact that un-
paired 4f electrons are well shielded by the 5s2pS shells. Al-
though some of the /Tm-O-Tm bond angles (e.g., /Tm1-O3-
Tml and ZTm1-O1-Tm?2) that determine the degree of over-
lap of the Tm3* and O?~ orbitals*>*® display some temper-
ature dependence between 0.5 K and 4 K (Table 1), the ab-
sence of magnetic ordering rules out indirect magnetic inter-
actions through the mediator of nonmagnetic O?>~ ions. The

r NPD @ SPODI Nuclear (SrTm,0, + Al)
10 - +
L Possible magnetic model
] L for SrTm,0, @ Q = (0, 0, 0)

Intensity (10* counts)
N
T

2+ H B H\HHH HHH Il H\ o \H L \H I\HHH\IHHHHI

oot e nmn mi Ihl i I‘HIIII\ IH L
) S—————— ] e i
20 40 60 80 100 120

20 (deg.)

Fig. 10 (color online) Observed (circles) and calculated (solid lines)
NPD patterns from the study using SPODI (FRM II) at 0.5 K with
counting time ~ 26 h. The vertical bars mark the positions of
nuclear Bragg reflections of StTm2O4 (upper row) and Al (from
sample environment) (middle row), and possible magnetic Bragg
peaks of SrTm20O4 with a propagation vector at Q = (0, 0, 0) (lower
row), respectively. The lower curve represents the difference
between observed and calculated patterns.

strong spin-orbital interaction of the RE ions may result in an
anisotropic exchange, i.e., the Dzyaloshinsky-Moriya (DM)
interaction, which normally requires a breaking of the inver-
sion symmetry of the centrosymmetric Pnam space group.
In the study of SrYb,0,2?, forbidden nuclear Bragg peaks
were indeed observed but finally were demonstrated to be en-
tirely due to contamination from higher-order reflections. In
our present studies, no such kind of forbidden peaks are ob-
served in StTmyOy4, hence the DM interaction is unlikely to
play a role in the magnetic exchange. Therefore, we conclude
that the magnetic coupling in StTmsOy4 arises mainly from an
anisotropic dipole-dipole interaction which, while very weak,
is additionally subjected to crystal field effects resulting from
the octahedral environments (as foregoing remarks).

It is interesting to compare our results with those from the
corresponding pyrochlore compounds RE;TioO7 (RE =Tm,
Tb). In TmyTi,O7, magnetic Tm3* ions occupy one of the
two corner-sharing tetrahedral sublattices. The crystal field
effect radically dominates over the magnetic exchange inter-
actions so that the ground state is a virtual crystal-field singlet
rather than a short-ranged and frustrated magnetic state, and
thus the lowest-lying crystal-field excitations do not show any
appreciable dispersion’. In addition, the magnetic suscepti-
bility of TmyTioO7 gets a clear plateau at low temperatures®’.
Although there exists a strong AFM interaction based on the
value of the CW temperature (~-19 K)*%, no appreciable long-
range magnetic order forms in Tbo TioO7 even down to 50 mK,
but short-range magnetic order was indeed observed probably

10| Journal Name, 2010, [vol], 1-12
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indicative of a spin-liquid ground state***°. The nature of the
magnetic ground state and the reason for the absence of a long-
range spin order in TbyTizOr still remain elusive, which rep-
resents a theoretical puzzle and also a real experimental chal-
lenge. Our further analysis of the w-averaged3! neutron scat-
tering intensity from D7 in the SF (eqn (3)) and NSF (eqn (4))
channels indeed indicates the existences of PM neutron scat-
tering and AFM couplings in StTm2O4 at ~65 mK. However,
an estimate of the moment size is complicated by the presence
of strong nuclear spin-incoherent scattering. Future experi-
ments using the XY Z polarization method at D7, which will
give a clear separation between nuclear coherent, nuclear spin-
incoherent and magnetic cross-sections?!, may be attempted.
Our present results provide a more mysterious compound for
theorists and experimentalists and also indicate that St TmsOy4
is different from other members in the family.

5 Conclusions

To summarize, we have demonstrated that there is neither
long- nor short-ranged magnetic ordering in single-crystal
SrTmy0O4 even down to ~65 mK, though the high-temperature
magnetization indicates a strong net AFM coupling. The field-
dependent magnetization can be fit using a modified Brillouin
function for a frustrated PM state. We argue that the magnet-
ically non-ordered state is attributed to a strong anisotropic
crystal field effect. This kind of magnetic anisotropy may
quench potential magnetic ordering, leading to a virtual non-
magnetically-ordered state. We also find some common fea-
tures for both SrTmy0,4 and SrTboOy4 single crystals: (i) the
measured magnetization, even in the PM state, is from just
one of the two crystallographic RFE sites; (ii) the same octa-
hedral distortion modes as well as their evolutions with tem-
perature; (iii) the spin couplings are dominated by the dipole-
dipole interactions. These common features observed in both
compounds may be vital to a complete understanding of the
novel magnetic behaviours of SrRFE50,4 compounds. Further
explorations with higher magnetic fields and uniaxial pressure
along the crystallographic axes, spin-density measurements in
the PM state, and especially inelastic neutron-scattering stud-
ies, would be of great interest.
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