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We report a comprehensive investigation of the magnetic properties of LuFe,0, (LFO) samples with
different oxygen stoichiometries. Samples with excess oxygen exhibit spin glass behavior without
long-range magnetic order, while three-dimensional ferrimagnetic order exists in a stoichiometric
sample. Dissimilar experimental observations reported in several papers can be understood
consistently when oxygen stoichiometry is taken into account. The stoichiometric sample orders
magnetically below Ty =243 K, and a monoclinic lattice distortion sets in below T; =175 K. This
structural change is sensitive to the applied magnetic field, indicating strong spin-lattice coupling in
this material. Unusual low-field thermal magnetization behavior was observed near T;, and its origin
is discussed. © 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4792036]

. INTRODUCTION

The physics of LuFe,O, (LFO) has drawn much attention
recently due to its fascinating magnetic and electronic proper-
ties.' " Electron, x-ray, and neutron diffraction experiments
show that there is both charge order (CO) and spin order (SO)
in LFO.**!° It has been suggested that LFO could be a multifer-
roic compound based on the observation of charge order driven
ferroelectricity,” a large magneto-dielectric response,® and an
anomalously large pyroelectric signal near the SO temperature.’
However, the details of the charge and spin ordering are com-
plex and understanding its magnetic properties has been quite
challenging. In isostructural YFe,O,, two first order structural
transitions at ~230K and 190K were found, corresponding to
transitions from hexagonal to monoclinic, and monoclinic to tri-
clinic, respectively.”® However, a recent x-ray powder diffrac-
tion study has revealed that there are in fact more than two
structural transitions in YFe,0,.! In addition, neutron scattering
experiments reported that oxygen non-stoichiometry plays an
important role in determining the magnetic properties of
YFe,0,.2%% Stoichiometric YFe,O,4 shows a three-dimensional
(3D) spin order, while non-stoichiometric YFe,O, exhibits only
two-dimensional (2D) magnetic correlation.”>*

Recent magnetization and neutron scattering experi-
ments show that different LFO samples also exhibit signifi-
cantly different magnetic properties, presumably due to the
difference in the oxygen content.**>2 According to Ref. 1,
there is no 3D magnetic ordering in this system even down
to 42K, and only 2D ferrimagnetic clusters are formed
below 220 K. On the other hand, in a recent neutron experi-
ment, Christianson et al. found 3D magnetic Bragg peaks at
(1/3,1/3,L) with integer L below 240K (T To explain the
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observation, they proposed a magnetic structure, in which a
ferrimagnetic order in the ab plane is stacked ferromagneti-
cally (FM) along the c axis. Another first order transition
was observed at ~175K (T,), below which the magnetic
peak intensity drops abruptly and the c-axis magnetic corre-
lation length decreases. This transition was also observed in
their thermal magnetization data as a broad feature above T;.
Based on this observation, Christianson et al. argued that a
structural change occurs at T;, and the stacking disorder
induced by this structural change leads to local antiferromag-
netic (AFM) stacking of ferrimagnetic layers below T;. As a
result, magnetic peak intensity, correlation length, and mag-
netization all decrease in this temperature range. X-ray scat-
tering experiments by Xu et al. confirmed that a monoclinic
lattice distortion happens below T,.* They also showed that
the lattice distortion could be suppressed by applying mag-
netic field. The amplitude of the critical field H., beyond
which the lattice distortion is suppressed, depends on
whether the field is swept up or down. The critical field val-
ues obtained from the magnetization measurements were
found to increase with decreasing temperature, in agreement
with that determined from their x-ray experiment. These
recent neutron and x-ray results contradict earlier studies by
Tida and coworkers." In addition, a recent high field magnet-
ization study by Wu et al.> and Patankar ez al.*” found results
similar to the earlier data by lida et al. These different exper-
imental results seem to suggest that physical properties of
LFO are strongly sample dependent, similar to the case of
YF6204.22’23

In their recent structural studies, Bourgeois et al. found
that a structural modulation due to excess oxygen could be
present in such a nonstoichiometric sample; this modulation
seems to disappear when annealed under vacuum.>> Strong
sample dependent magnetic properties have been also noted
by de Groot and coworkers,26 while Patankar and coworkers
noted that magnetic properties do not change much under

© 2013 American Institute of Physics
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annealing in air at 350°C for 1h.?’ In our comprehensive
investigation of magnetic properties of LFO using DC mag-
netization, AC susceptibility, and specific heat, it was clear
that different samples of nominally stoichiometric LFO
exhibited significantly different behavior and could be
broadly classified into two types of samples depending on
their magnetic ground states. From our thermogravimetric
analysis (TGA), we found that there was a small difference
in oxygen stoichiometry between these two sample types.
Samples with excess oxygen were characterized as a spin
glass phase, and its thermal magnetization was similar to the
result of Tida et al.' More stoichiometric samples exhibited
magnetically ordered ground states, and their thermal mag-
netization data were consistent with the result of Christian-
son et al.® The spin glass (SG) behavior was investigated
thoroughly in our previous study and reported in Ref. 5.

In this paper, we present a comprehensive characteriza-
tion of the second type of samples: those with stoichiometric
oxygen concentrations. In contrast to the sample with excess
oxygen, neither DC magnetization nor AC susceptibility
shows spin glass behavior. In addition, the magnetization vs.
applied field data show an unusual two-step feature, in con-
trast to the earlier results reported by Wu et al. and lida
et al>* A monoclinic structural distortion is also observed at
~175K in both powder and single crystal x-ray diffraction
experiments on this stoichiometric sample, while the sample
with excess oxygen shows no structural change. We could
therefore explain widely different physical properties
observed in the literature' ™ by differences in sample quality,
most likely due to the difference in the oxygen concentration.

Il. EXPERIMENTAL METHODS

LFO single crystals were grown using the travelling
solvent floating zone method as described in Ref. 28. During
our investigation, we realized that there were two types of
samples exhibiting distinct magnetic properties. Note that all
crystals studied here came from the same batch without any
annealing procedure, and some crystals show mixed mag-
netic behavior of these two types. In order to characterize
possible oxygen non-stoichiometry, we carried out thermogra-
vimetric analysis (TGA) in reducing atmosphere (5% H,:Ar)
up to about 1025°C, at which temperature the LFO sample
decomposes into Lu,O; and Fe. We found that the oxygen
concentration of the sample showing spin glass behavior is
~4.07 +0.03 (labeled as 6 =0.07 sample).> The other sam-
ple’s stoichiometry was found to be much closer to 4.0,
although accurate determination was not possible. We will
label this sample as 6 =0. It is easy to distinguish between
the two types of samples, thanks to distinct low-field mag-
netic properties. Most of the measurements in this report
were done on two pieces of 6 =0 samples, using quantum
design magnetic property measurement system (MPMS).
High magnetic field measurements were carried out using
the quantum design physical property measurement system
(PPMS) with a 14T superconducting magnet. In order to
characterize the structural phase transition in the 6 =0 sam-
ple, temperature-dependent x-ray powder diffraction meas-
urements were carried out at the HRPD beamline at Pohang
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Accelerator Laboratory (PAL) using 8.0 keV photons. X-ray
diffraction experiments on single crystal samples were car-
ried out at the X21 beamline at the National Synchrotron
Light Source in Brookhaven National Laboratory using
15 keV photons.

lll. EXPERIMENTAL RESULTS
A. Zero field properties

X-ray powder diffraction patterns for the 6 =0 sample
obtained at different temperatures are shown in Fig. 1. At
temperatures below 200 K, the (1,0,1) and (1,0,4) peaks split,
indicating that there is a structural change between 150K
and 200 K. The structure of this system was analyzed using
the general structure and analysis system (GSAS) software.
At high temperatures, LFO belongs to a rhombohedral space
group R3m as reported in Ref. 29. However at low tempera-
tures, the data could not be fitted satisfactorily with the R3m
nor any other space group. The best fit was obtained when
we assumed that about half of the sample was in C2/m
(monoclinic) space group, while the rest remained in R3m,
suggesting that a partial structural distortion may be occur-
ring. The structure was refined with the C2/m space group in
a recent x-ray structural study.”> We note that the 6 =0.07
sample does not show such a structural transition. To check
if the observed peak splitting is due to the texture of the pow-
der sample, we studied a single crystal sample. Fig. 2 shows
0-20 scan around the (2,0,2) peak from our single crystal
x-ray diffraction. It clearly shows that at 165K a two peak
feature shows up, confirming that the structure change is
intrinsic for this type of sample. Similar structural distortion
was observed with x-ray diffraction in Ref. 4; Xu et al. also
observed that the transition temperature, T,;, below which
the distortion appears, depends on the strength of the applied
magnetic field.

B. Low field properties

The LFO sample showed quite unusual magnetic behavior
when a small field was applied. Figure 3(a) shows zero-field
cooled (ZFC) and field cooled (FC) DC magnetization of the

2000 T T T T T

T
—— 150K
1500 f — 100K 7
1
10,1y 009 % (1,0,4)* (0,1,5)‘
1000 il 4
500 z\

Intensity (arb. unit)

20 (deg)

FIG. 1. X-ray powder diffraction patterns at different temperatures.
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FIG. 2. 0-20 scan around (2,0,2) peak at 180K and 165K obtained from sin-
gle crystal x-ray diffraction.

0=0.07 and 6=0 samples measured in the temperature
range from 2K to 300K when a 10 Oe magnetic field was
applied. The magnetization of the 6 =0.07 sample shows a
peak at ~237 K, and below this temperature, the FC magnet-
ization begins to deviate from the ZFC magnetization. As
reported in Ref. 5, the transition around 237K is due to a
paramagnetic to ferrimagnetic transition; at lower tempera-
ture, the 0 =0.07 sample exhibits highly relaxational mag-
netic behavior due to the spin-glass phase. In contrast, the
0 =0 sample exhibits a number of different properties. First,
the ferrimagnetic transition temperature is higher: a sharp
peak appears at higher temperature ~243 K with smaller
magnitude. Since the 0 =0.07 sample shows a transition
around 237K, excess oxygen seems to suppress the ferri-
magnetic transition temperature. The second difference is
that between 175K and 235K, the ZFC magnetization data
are larger than the FC data. The latter is more or less feature-
less, while a step-like change in the ZFC magnetization is
observed around 220 K.

g
o

—A— §=0.07 sample

—
(%]

—@— 5=0 sample

bt
(=]
T

o
W

Magnetization ( x10~ p/LuFe O,)

150 165 180 195 210 225 240 255
Temperature (K)

o
o

FIG. 3. Thermal magnetization curves measured with a 10Oe magnetic
field, applied parallel to the c-axis.
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This ZFC DC magnetization behavior was first observed
in Ref. 30, and it was called a “field-heating” (FH) effect,
since the ZFC data shown in Fig. 3 were obtained by meas-
uring magnetization with a 100e applied field while
“heating” the sample after a cool-down in zero external field.
To check this, we show our AC susceptibility data as a solid
line in Fig. 4, which was obtained while heating the sample
under zero external field after initial zero-field cooling. This
can be considered as a true ZFC result. This clearly demon-
strates that the observed large bump at 175K is due to
field-heating. We carried out a systematic study of this field-
heating effect dependence on the initial cool-down tempera-
ture (T,). The sample was initially cooled in zero field to T,
then a 10 Oe external field was applied and DC magnetiza-
tion was measured while heating the sample. This ZFC-FH
result is plotted in Fig. 4. When T is above 175K, the ZFC-
FH curve is similar to the FC curve (Fig. 3(a)), but when
T, < 175K, the ZFC-FH magnetization gradually increases
with increasing temperature until the sample reaches 175K,
at which point the magnetization suddenly jumps to a large
value and reaches maximum M, (T;) at ~180K. The
dependence of M,,,.«(T;) on T is shown in the inset of Fig. 4.
As Ty decreases, M,.x(T,) increases. This effect is quite re-
markable, since this implies that the sample remembers the
lowest temperature in the cooling history, T,. As discussed in
Sec. IIT A, the structural distortion temperature in this sample
is ~175K, suggesting that the “field-heating” effect may be
related to the structural change. We will discuss this further
in Sec. IV.

To compare magnetic behavior between the 6 =0.07
and 0 =0 samples, we show AC susceptibility data for both
samples in Fig. 5. One of the clear signs of the spin glass
behavior in the 6 =0.07 sample is the large imaginary part
of the AC susceptibility (). However, '’ of the 6 =0 sam-
ple is almost negligible. In addition, a large frequency

2.0 . : i : . . . .
o 20
~ %
<+
ON iﬂ 1.5
[}j 1.5F % 1.0 |
E: %
S < 05
= 02
« = 0.0
S £ TT00 120 140 160 180
\>.</ LoF Ts (K) -
=)
3 —v—175K
3 —O0—170K
205  —0—165K i
g —A— 140K
= —%— 100 K
s w\\\\\\»\wmﬁ)"/’;; #
0.0 |- 1
1 1 i X L |
80 120 160 200 240

T (K)

FIG. 4. ZFC magnetization curves of different T; under a 10 Oe magnetic
field parallel to the c axis. The sample was cooled from 260K to T, and
then the measurement was taken during heating. The thick solid line is the
AC susceptibility measured with zero external field after ZFC. The inset
shows the T; dependence of M,,..(T,) obtained from different curves at
180 K. The solid line of the inset is a guide to the eye.
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FIG. 5. Temperature dependence of the AC magnetic susceptibility of
0=0.07 and J =0 samples obtained under AC fields of different frequencies
with amplitude h,.=1 Oe. Panel (a) and (b) show the real (}') and imagi-
nary (y'") parts of the AC susceptibility, respectively.

dependence of y' and y” is apparent in the temperature
range of 220 K-233K for the 6 =0.07 sample, while the
0 =0 sample does not show any significant frequency de-
pendence, suggesting that 6 =0 sample does not become a
spin-glass at this temperature range. One can see that some
small y'/ contribution exists in the 6 =0 data. Sometimes
even bigger y” contributions have been observed for other
sample pieces. However, we observed mostly two extreme
types of behavior, and the intermediate behavior was rarely
observed. This suggests that the samples contain a mixture
of 0 =0 and 6 =0.07 phases, rather than a continuous distri-
bution of oxygen concentration. This observation also
implies that there could be a miscibility gap between the
two phases, and further systematic investigation of the
phase diagram would be desirable. We would like to men-
tion that the sample dependent magnetic behavior was also
pointed out by de Groot ef al.*

C. High field phase diagram

Thermal magnetization data measured with higher fields
are shown in Fig. 6. For the ZFC-FH magnetization shown
in panel (a), at low fields, there are two features: a sharp
peak at ~243K and a bump between 175K and 236 K. As
the field increases, the peak broadens and shifts to lower
temperature; the two features gradually merge and only a
single broad feature remains for the fields above 3000 Oe.
For the FC magnetization in panel (b), the low-field magnet-
ization is similar to the one in Fig. 3(a) with only a sharp
peak at ~243 K. Above 1000 Oe, the magnetization curve

J. Appl. Phys. 113, 063909 (2013)
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FIG. 6. DC magnetization measured with higher magnetic fields applied par-
allel to the c-axis. (a) ZFC-FH magnetization (b) FC magnetization.

abruptly changes to resemble that of the ZFC-FH data. At
H ~ 3000 Oe, the difference between the ZFC-FH and the
FC data almost disappears.

In Fig. 7, we show the temperature dependence of the
thermomagnetization of the 6 =0 sample obtained with an
1T field applied parallel or perpendicular to the c¢ axis. The
in-plane magnetization is almost 30 times smaller than the ¢
axis magnetization. The possible sample misalignment with
respect to the field direction (less than 2°) can entirely
account for this small magnetization along the ab-plane.

—2o— H// ¢

M (p/LuFe0,)

>

QA
¢ A

I . I n
100 200 300

T (K)

FIG. 7. Temperature dependence of magnetization measured with 1T field
applied parallel or perpendicular to the c axis, respectively.
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Therefore, we conclude that strong uniaxial anisotropy along
the ¢ axis, which was observed in the 6 =0.07 sample,5 is
also present in the 6 =0 sample.

To investigate field dependence, isothermal magnetiza-
tion curves obtained at different temperatures are shown in
Fig. 8. At 243 K, the magnetization curve is reversible. As
temperature decreases, hysteresis behavior shows up, and
both the coercive field and the saturation magnetization
increase. We note that the coercive field of the 6 =0 sample
is much smaller than that of the 6=0.07 sample." As
expected, the low field behavior (inset) depends on the
cooling-heating history of the sample. When the sample is
directly cooled to 180 K (circle), the magnetization is smaller
than the data obtained by cooling the sample to 100K first
and then heated up to 180 K without field. This result is con-
sistent with the ZFC-FH effect shown in Fig. 4. The shapes
of the M vs H curves for T=180K and T=100K are very
peculiar. For T= 180K, there is clearly a coercive field of
about 3000 Oe. At a lower temperature, T = 100 K, the coer-
cive field becomes larger, and additionally, a double hyste-
retic behavior appears, which is reminiscent of the behavior
observed for the bidomain state in exchange biased FeF,/
Ni>! We note that very different M vs. H curves were
observed in Refs. 1, 2, and 27, suggesting that these two
types of samples exhibit distinct high-field properties.

In order to investigate the high-field behavior further,
we measured the ZFC magnetization under high magnetic
fields (up to 14T), which is shown in Fig. 9. The overall
shape of the temperature dependence is similar to the data
shown in Fig. 6(a). However, the temperature at which the
unusual broad feature is turned on, 7}, shifts with changing
magnetic field. We define this “transition” temperature
from the inflection point of Fig. 9, and its field dependence
is plotted in Fig. 10. With increasing magnetic field, T is
suppressed rapidly. The phase boundary is very well
described by a phenomenological exponential curve as
shown in Fig. 10.

25 ™ T T T T T T T T T
20 A PRGN
15 u
10 a
-~ I
o, 05 4
(0]
5
st 0.0 u
\m
2 05 -
=
-10 a
7 —&—ZFC to 100 K
-5 4 e —0—ZFC to 180 K e
] J —0—ZFC 10 243K 1
20 AN DI —— 180K (heated after ZFC to 100K) |
_25 " 1 n 1 I 1 " 1 n 1
4 2 0 2 4
Field ( Tesla )

FIG. 8. Isothermal magnetization curves along the c axis at various tempera-
tures after ZFC. The triangular symbol curve was measured at 180K after
cooling the sample to 100K first and then heating up to 180 K without mag-
netic field.
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FIG. 9. ZFC-FH magnetization under high magnetic fields applied along the
¢ axis in a temperature range from 10K to 260 K.

IV. DISCUSSION

Our central finding is that there are two types of LFO sam-
ples with significantly different magnetic properties, and one
can distinguish them easily from their thermal magnetization
data obtained under small magnetic field. The excess oxygen
(6 =0.07) sample shows a spin glass transition below 237 K.’
Magnetic properties of the 6 =0.07 sample are similar to the
results of Tida e al. and Wu ez al."* There is no 3D long range
magnetic ordering in this type of samples, and at low tempera-
tures, a giant magnetic coercivity was observed."*'® On the
other hand, the stoichiometric sample (0 =0) exhibits a 3D
magnetic ordering. Low-field thermal magnetization in this
type of sample shows an unusual behavior; that is, between
175K and 235K, and the ZFC magnetization measured while
heating in external field exhibits a two-step feature and is much
larger than the FC magnetization. This behavior is similar to

e S sl
S S S

C-axis
140

120

) I 3D AFM 3D FM
2 0k E
-

=

80 |- -
I 3DFM O (Sample 1)
60 |- A (Sample2) ]
Pk 3D AFM i
20 A -
0 1 1 1 1 1 1 T 4’
0 2 4 6 8 10 12 14

Field (T)

FIG. 10. Field dependence of T; as a function of applied field along the ¢
direction. The measurement was repeated for two samples. The solid line is
an exponential function as a guide: ~e /v, Hy=4.6 T. The transition at T,
is from 3D antiferromagnetic to 3D ferromagnetic arrangements of spins
along the c axis shown in the inset.
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the one observed in Refs. 3 and 4. According to the neutron
experiment by Christianson et al., there is a local AFM
ordering induced by the lattice distortion below 175K,
which was subsequently identified as a monoclinic lattice
distortion in the x-ray scattering experiments by Xu et al.*
They further showed that the structural distortion can be
suppressed by magnetic field, and the critical field H.
required for the suppression shows magnetic hysteresis.*
The H,. obtained from the x-ray experiment is consistent
with the one observed in our high-field magnetization mea-
surement (Fig. 10).

Our results, taken together with the neutron and x-ray
measurements reported in Refs. 3 and 4, provide the follow-
ing physical picture for the 6 =0 sample: At zero applied
field, a ferrimagnetic in-plane order sets in around 243 K.
Such ordered layers are stacked FM along the c axis above
175K (Fig. 10 inset), but AFM stacking becomes favorable
below 175 K. At this temperature, T;, a monoclinic lattice
distortion is also observed to occur. However, this structural
distortion does not occur uniformly, and only part of the
sample goes through such a change in the stacking pattern.
From our x-ray powder diffraction, the volume fraction of
the monoclinic-distorted region is roughly half of the total
sample volume. Likewise, the fraction of the AFM stacked
region, which is responsible for the sudden drop in the mag-
netization (Fig. 4) as well as the drop in the magnetic Bragg
peak intensity (Ref. 3), seems to vary among the samples
studied. From this, it is tempting to associate the AFM stack-
ing with the structural distortion. But further studies involv-
ing proximal local probes would be useful to make this
connection more explicit.

Although a microscopic understanding of the relationship
between the structural distortion and the AFM stacking is
beyond the scope of this paper, strong magnetostriction could
be one of the possible origins for the observed behavior. Indi-
rect evidence for such magneto-structural coupling is provided
by the fact that the structural distortion is very sensitive to the
applied magnetic field, as shown in the x-ray diffraction
study.* Since the FM domain growth is accompanied by its
volume change, when the FM domain size becomes too large,
the elastic energy cost due to the volume change could cause
domains to break into smaller ones in order to keep the crystal
from breaking. Such behavior would not be observed in sam-
ples with spin-glass order, since the domain size does not
grow large enough for this to happen. Indeed the magnetic do-
main size becomes smaller below T; according to a recent
neutron study.” When external magnetic field is applied, the
Zeeman energy can shift the temperature at which the domain
configuration changes. In other words, the observed behavior
could be a reflection of strong spin-lattice coupling in this
material*'®

V. CONCLUSIONS

We have investigated the magnetic properties of LuFe,Oy4
systematically using DC magnetization and AC susceptibility.
We found that there are two types of LuFe,O,4,s samples,
exhibiting very different magnetic ground states. Our ther-
mogravimetric analysis shows that these two types have

J. Appl. Phys. 113, 063909 (2013)

different oxygen concentrations; the excess oxygen sample is
labeled 6 =0.07 and the more stoichiometric one is 0 =0.
Contrasting physical properties reported in the literature can
be resolved if we take into account these two distinct catego-
ries of samples. In the 6 =0.07 sample, there is no 3D mag-
netic ordering, and at low temperature, a spin-glass transition
occurs.'” The d =0 sample shows 3D magnetic ordering, and
there is a monoclinic lattice distortion which shows magnetic
hysteresis. The observed unusual thermal magnetization and
magnetic hysteresis in this study all seem to be related to the
monoclinic structural distortion observed around 175 K.
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