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We found anomalous relaxation behaviors in a two-dimensional magnet, LasMo04O1¢, in a pure
crystalline form in both the resistivity and magnetization, whose characteristics are similar to those
of disordered materials. We also found that such anomalous relaxation behaviors disappear in the
impurity-doped sample. We propose a possible scenario for the relaxation behavior that the charge
rearrangement of Mot and Mo®" causes a change in the interlayer magnetic interaction in this

compound.

PACS numbers: 75.47.-m,75.50.Gg,75.78.-n,75.25.Dk

I. INTRODUCTION

Relaxation behaviors are observed for various quanti-
ties in various materials, for example, magnetization and
electric polarization.' '® In many cases, disorder in the
material plays an important role in the relaxation behav-
ior. Spin-glass compounds' and relaxor ferroelectrics?
are typical examples exhibiting a relaxation characteris-
tic of the disordered the materials, where the relaxation is
dominated by a free energy landscape with a large num-
ber of minima. Relaxation is also known to occur in pure
crystals, which is often caused by the competition be-
tween different phases. In these cases, the relaxation time
usually has an activation-type temperature dependence,
and the activation energy corresponds to the energy bar-
rier between two competing phases. In the present pa-
per, we demonstrate that the two-dimensional magnet
LasMo4016 in a pure crystalline form exhibits unusual
relaxation behaviors in both the resistivity and magneti-
zation with an applied magnetic field, whose character-
istics are similar to those of disordered materials even in
the absence of obvious disorder in the compound.

In LasMo4O16 [Fig. 1 (a)],!™!® Mo ions in MoOg oc-
tahedra form a square lattice and MoyO1¢ pillars exist
between neighboring square-lattice layers. There are two
inequivalent Mo sites in the square lattice in a checker-
board configuration, one of which (Mo2) is connected
to the Moy0O1¢ pillars and the other of which (Mol) is
not. It is considered that the Mo2 site is occupied by
Mo** (4d?) whereas the Mol site is occupied by Mo®*
(4d'), and the Mo site in the pillar (Mo3) is occupied
by Mo**+.18 Tt is also considered that the Mo®*t ions at
Mol and the Mo**t ions at Mo2 are magnetic whereas
the Mo** ions at Mo3 (in the pillar) are nonmagnetic,
probably due to the singlet formation between the two
Mo ions in the pillar.!®

This compound exhibits antiferromagnetic ordering at
Ty = 200 K,'* 23 where the Mo moments in the square
lattice order antiferromagnetically, thus giving rise to a
ferrimagnetic moment along the ¢ axis at each layer, and
the ferrimagnetic moment at each layer orders in an an-
tiferromagnetic manner along the ¢ axis [Fig. 1 (a)]. It

has been found that a metamagnetic transition occurs
when a magnetic field (H) of ~ 0.5 T is applied along
the ¢ axis, where the antiferromagnetic configuration of
the ferrimagnetic moment changes into the ferromagnetic
configuration.?® This indicates that, although the mag-
netic interaction within a layer is sufficiently strong for
antiferromagnetic ordering to occur at Ty = 200 K,
the interlayer antiferromagnetic interaction is extremely
weak, three orders of magnitude smaller than the in-
tralayer interaction, indicating the two-dimensional char-
acter of this compound.?* Associated with this metamag-
netic transition, the time dependence of the magnetiza-
tion, i.e., relaxation behavior with a relatively long relax-
ation time, was observed.?* This is likely caused by the
facts that there is an energy barrier when the Mo moment
flips (arising from its Ising anisotropy) and that the Mo
moments are strongly coupled within each layer but are
loosely coupled between the layers, and thus, the mag-
netic correlation length is much longer within the plane
compared to that along the ¢ axis. As a result, many
spins within a layer have to go beyond the energy barrier
simultaneously when the metamagnetic phase transition
occurs.

So far, the studies on LasMo4O16 have been carried
out on single crystals grown by the fused salt electrolysis
(FSE) method. In the present paper, we studied a single
crystal grown by the floating-zone (FZ) technique and
found that it exhibits unusual relaxation behaviors in
both the resistivity and magnetization, which were not
observed in the FSE crystal. We also found that such
unusual behaviors disappear in the crystal with a small
amount of impurity doping at the Mo sites.

II. EXPERIMENT

Polycrystalline samples of LasMo4016 cannot be syn-
thesized by mixing, for example, LasOsz, MoOs, and
MoOj3 with a stoichiometric ratio of La, Mo, O and sin-
tered in a sealed quartz tube or in the flow of Ar gas.
Thus, we employed a reducing technique inside a sealed
quartz tube. LagMoOg and MoOs, in both of which Mo
is 6+ (d"), were mixed, pressed into a rod, and sealed in



a quartz tube with an appropriate amount of Mo pow-
der pressed into a rod, which acts as reducing agent. It
was heated at 1250 °C for 12 hours. We confirmed that
the sintered rod is LasMo4O14 with no impurity phase.
LasMoOg was synthesized by sintering the mixture of
Las O3 and MoQOg in air at 1250 °C for 6 hours.

The sintered rod was melted in the floating-zone fur-
nace with a flow of Ar gas. The feed speed of the rod was
typically 5 mm/ hour. The grown rod was found to be
a mixture of LagMo4016 and Las 4Moq 0g with a dis-
ordered fluorite structure, but pieces of the LasMo4sO1¢
single crystals with plate-like shapes can be easily ob-
tained by crushing the rod. Mn-doped single crystals
were grown by the same method, using Mn metal as a
starting material.

Resistivity (p) was measured (1) by a two-probe tech-
nique with an electrometer up to ~ 102 Qcm and (2)
by a four-probe technique with a voltage source and a
voltmeter up to ~ 10% Qcm, with the current direction
parallel and perpendicular to the c axis, p. and pq,. Mag-
netoresistance (M) was measured with applied magnetic
field H between —5 and 5 T by a superconducting mag-
net. Magnetization was measured by a SQUID magne-
tometer. Magnetic field was applied always along the ¢
axis, which is the easy axis of the LasMosO16. When
the dependences of p and M on H and the time t were
measured, the temperature of the sample was increased
above Ty every time before starting the measurement at
each T and thus, the sample is in the initial magnetiza-
tion process.

IIT. RESULTS AND DISCUSSION

Figure 1 (b) shows the temperature (T') dependence of
the resistivity for LasMo4O16 grown by the floating-zone
technique. The values of p. measured by a two-probe
technique and those by a four-probe technique almost
overlap between 250 and 60 K. This indicates that the
contact resistance of the present sample is smaller than
the bulk resistance. Furthermore, the values of p. is one
or two orders of magnitude larger than those of p,;, mea-
sured by a four-probe technique. This indicates a modest
size of anisotropy in the electron transport of LasMo401¢
with a two-dimensional crystal structure.

Figure 1 (c) shows the T dependence of p. measured
by a two-probe technique in a cooling run for the FZ
crystal of La5Mo4016 and La5M03_9Mn0_1016, and the
FSE crystal of LasMo4O16. In p.(T') of the LasMo4O1g
crystal grown by the FZ technique, there are anomalies at
T, ~ 60 K and at T5 ~ 95 K, which do not exist in that of
the LasMos 9Mng 1014 crystal and the LasMoyO1¢ crys-
tal grown by the FSE method.??

Figure 2 (a) shows the T' dependence of the magneti-
zation (M) for the FZ crystal of LasMo4O1¢ in the field-
cooling (FC) and field-warming (FW) process at H = 0.1
T. In addition to the peak at Ty = 200 K, an anomaly
with a T hysteresis at 77 = 60 K and a smaller anomaly
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FIG. 1: (Color online) (a) (Left) crystal structure and (right)
magnetic structure below T for LasMo4O16. (b) Tempera-
ture dependence of resistivity for LasMo4O16: pqeb by the four-
probe technique, p. by the four-probe technique, and p. by
the two-probe technique. (c) Temperature dependence of p.
by the two-probe technique for the FZ crystal of LasMo4O1s,
LasMos.0Mng.1016, and the FSE crystal of LasMo4O1s6.

at Ty = 95 K (which is more clearly seen in the data mul-
tiplied by 20 times) exist. Fig. 2 (b) shows the M (T)
data for the same compound in the FC and FW pro-
cess at 5 T and that in the FW at 0.1 T after cooling
the sample at 5 T. The anomaly at T} is observed in all
three curves, and the anomaly at T3 is clearly observed
in M(T) at 5 T.

Figure 2 (c) shows the M(T) data for the FZ crys-
tal of LasgMog 9Mng 1016 in the field cooling (FC) and
field warming (FW) at H = 0.1 T. Though a peak at
Tn = 190 K is clearly observed also in this compound,
anomalies at 77 and T» are barely observed, unlike the
data for the pure compound shown in Fig. 2 (a). Fig.
2 (d) shows the M(T) data for the same compound in
the FC at 5 T and that in the FW at 0.1 T after cooling
the sample at 5 T. Anomalies at T7 and at T disappear
in the 5 T data. The decrease in M (T') measured at 0.1
T at ~ 30 K corresponds to a relaxation of M from the
ferromagnetic state (induced by the magnetic field of 5
T applied when decreasing T') to the antiferromagnetic
state, whose relaxation time becomes shortened with in-
creasing 7.2 This is the same behavior observed in the
FSE crystal of LasMo4016 shown in Figs. 2 (e) and (f).

To understand the anomalies observed in the FZ crys-
tal of LasMo4O16, the M(H) curves were measured at
various T. A typical M (H) curve above T; (at 150 K)
is shown in Fig. 3 (a) There is an anomaly in M(H)
from M = 0 to |[M| ~ 3000 Gem?/mol at |H| ~ 0.5 T
with H hysteresis. This corresponds to a metamagnetic



=200 — : = : :

M\E (@) La5M04'O]6 (F2) é 4000k ® LasMo,0 (FZ) |
5 0ITFW § g N STFC
&) P20 % <) T, STFW ]
=] H 3
g0t in 18
g k‘ — 520000 tstpc 1
s Dot FW 5 [ §O0ITFW 1
= s N

O
(=}

100 200 300

(=}

100 200 300

Temperature(K) Temperature(K)
E’ (¢) LasMo; oMny O, 26000 (d) LasMo; oMn;,0,¢ |
“g200T\  oiTEw ‘; (F2) g (FZ)
Q H Q
&) x 15 6] H .
et i Z4000f * STFC
S H 2 |
.§100~ ; 1 8 - STFC -
B 0ITFW ¢ gzooo» T 0.ITFW
& 0.1T FC I
s = _
G 1 1 O v a—
0 100 200 300 0 100 200 300
Temperature(K) Temperature(K)
s : . 2 4000 . :
£ (e) LagMo,Oy (FSE) ] £ b () LasMo,O,4 (FSE)
S200H\ 01T FW g |
g & 10 8 5T FC
] =
= =1
g ‘5 2000F .
‘2100 18 \ 5TFC —
= 0.1T FW = L0.1TFW
[} F <
& 0.1TFC & Y
= 0 - ) = 0 \
0 100 200 300 0 100 200 300
Temperature(K) Temperature (K)

FIG. 2: (color online) Temperature dependence of magnetiza-
tion for the FZ crystal of LasMo4O16 and LasMos.9Mng.1016
and the FSE crystal of LasMo4O16 at various conditions. For
the details, see text.

transition from the antiferromagnetic alignment of the
ferrimagnetic moment along the ¢ axis (the AFM state)
to the ferromagnetic alignment (the FM state), as also
observed in the FSE crystal.?> On the other hand, we
found that the M(H) curve below T shows a hystere-
sis loop reminiscent of ferromagnets, in which M does
not remain at zero after the initial magnetization, as
shown in Fig. 3 (b). Such a marked change in the
behavior of M(H) with T was barely observed for the
LasMos ¢Mng 1016 FZ crystal [Figs. 3 (c), (d)] or for the
previously reported?® FSE crystal of LasMosO16. The
M(H) curves at other temperatures are shown in the

supplementary material.?®

We measured the magnetoresistance p(H) along the ¢
axis at various T. Figure 4 (b) shows the p(H) curves
from 180 to 70 K, where p decreases at |H| ~ 0.5 T with
increasing |H|, corresponding to the metamagnetic tran-
sition shown in Fig. 3 (a). This is the same behavior
as observed in the previously reported FSE crystal.?® On
the other hand, below T3 = 60 K [Fig. 4 (a)], a large
increase in p is observed only in the initial magnetization
process, and Ap/p amounts to ~ 100 % at 40 K. With
further increasing and sweeping of H between 5 T be-
low T, p remains at large values with a small structure
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FIG. 3: (Color online) Magnetic-field dependence of magne-
tization for LasMos4O16 at (a) 150 K and (b) 50 K and for
La5MO3,9Mn0,1016 at (C) 150 K and (d) 50 K.
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FIG. 4: (Color online) Magnetic-field dependence of resistiv-
ity for LasMo4O16 (a) below 70 K and (b) above 70 K, and
(c) for LasMos.9Mng.1O16.

near H = 0 T. These results, together with the experi-
mental result that M does not remain at zero after the
initial magnetization process below T3 [Fig. 3 (b)], imply
that the magnetic state below 77 without H is different
from the AFM state observed above T;. We also found
that such an anomalous increase in p(H) in the initial
magnetization process disappears in the FSE crystal of
LasMo,0162% and in the FZ crystal of LasMosz.gMng.1O16
[shown in Fig. 4 (c)].

Associated with such an anomalous increase in p in the
initial magnetization process, we found that the change
in p and M with H exhibits a time dependence, namely,
a relaxation behavior. Fig. 5 (a) shows the ¢ dependence
of p(t)/p(t = 0) —1 when H = 1 T is applied between
t = —60 s to 0s. An increase in p with t after H is fixed
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FIG. 5: (Color online) Time dependence of (a)(c)(e) resistiv-
ity and (b)(d)(f) magnetization for (a)(b)(c)(d) LasMosO16
(a)(b) at a fixed magnetic field at various temperatures, and
(c)(d) at 45 K at various magnetic fields, and for (e)(f)
LasMo3.9Mng.1016 at 45 K at various magnetic fields. The
dashed lines in each panel indicate the ¢ dependence of H.

to 1 T is observed over several thousand seconds for a
wide range of T below 77 = 60 K, and the change in p
with ¢ amounts to 40 % at around 50 K. Fig. 5 (b) shows
the time (¢) dependence of the magnetization M when
H = 0.5 T is applied between t = —20 s to 0 s. The time
evolution of M was also observed at various 7.

It should be pointed out that the time evolution of
M has been observed in an FSE crystal of the same
compound?* but not for p. The time evolution of p
has been observed in several manganites exhibiting colos-
sal magnetoresistance.” ' In these cases, there are two
minima in the free energy corresponding to two mag-
netic states [antiferromagnetic (AFM) and ferromagnetic
(FM)] states] with an energy barrier between them, and
the magnetic field induces a transition from the AF state
to the FM state, resulting in the time evolution of the
FM state. In such a situation, there is a threshold of the
magnetic field inducing the FM state.

In contrast to such magnetic relaxation behavior in
“conventional” magnets, we found that both p and M for
the FZ crystal of LasMo401¢ exhibit relaxation at low H
without a threshold. Fig. 5 (c) shows the ¢ dependence
of p after various values of H are applied at 45 K. The

relaxation in p is observed down to 0.2 T, which is much
smaller than the H value necessary for the relaxation
behavior of p in various manganites. Fig. 5 (d) shows
the t dependence of M after various values of H are ap-
plied at 45 K, where the time evolution of M is observed
down to H = 0.05 T. Similar behaviors are observed be-
tween 55 and 30 K in the same compound (shown in the
supplementary material.?®) These results are not consis-
tent with the relaxation behavior in compounds with a
double-minimum structure in the free energy, but resem-
ble the behavior of disordered systems (e.g., spin-glass
compounds) with multivalley energy structures.

We also found that the relaxation in M for
LasMos 9gMng. 1016 exhibits a clear threshold in terms of
H, similarly to the magnets with competing two phases,
as shown in Fig. 5 (f). Namely, M is much less than
100 Gem3/mol for H < 0.4 T but immediately becomes
5000 Gem?/mol for H > 0.7 T and exhibits relaxation
behavior only at H ~ 0.5 T. This suggests that the
double-minimum-potential model can be applied to the
Mn-doped compound, as is the case for the LasMo4O1¢
FSE crystal.?* Furthermore, we barely observed the re-
laxation of p in LasMos.9Mng 1014, as shown in Fig. 5
(e). This is consistent with the absence of an anomalous
increase in p in the initial magnetization process for this
compound [shown in Fig. 4 (¢)].

To show the overall features of the ¢ dependence of M
and p, we made 3D plots of log[ M (t = 3600s)/M (t = 0s)]
and [p(t = 40008) — p(t = 0s)]/poH, where t = 0 s is the
time immediately after the magnetic field H is applied
and po is the resistivity without a magnetic field, as a
function of H and T for LagMosO16 [M in Fig. 6 (a)
and p in Fig. 6 (b)] and LagMos 9gMng 1016 [M in Fig. 6
(c)]. As can be seen, large values of log[M (t)/M(0)] and
[p(t) — p(0)]/poH are distributed over wide ranges of H
(between 0 and 1 T) and T (between 60 and 30 K) for
LasMo4O16 [Fig. 6 (a) (b)]. On the other hand, large
values of log[ M (t) /M (0)] are localized at around H = 0.5
T for LasMog 9Mng 1016 [Fig. 6 (c)].

Such anomalous behaviors in the initial magnetization
process for the FZ crystal of LasMoyO16 suggest that the
magnetic state below 77 is a disordered state. When H
is applied to a long-range AFM state, the transition to
the FM state occurs when H exceeds a critical value H,,
where the ferrimagnetic moments originally aligned an-
tiferromagnetically along the ¢ axis are changed to the
FM alignment. However, when H is applied to a mag-
netically disordered state, the flip of the ferrimagnetic
moment to the direction of H can occur at various val-
ues of H, resulting in a gradual change to the FM state
over a wide range of H. This is equivalent to stating
that there are various magnetic states with local minima
in the free energy with various values of the net magne-
tization M below T, and with applied magnetic field H,
the magnetic state changes from that with M = 0 to that
with a larger M by overcoming the energy barriers with
various heights.

We assume that the ¢ dependence of M is given by the
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sum of the relaxation functions with different relaxation
times,

MzMo—i-;Mi{l—exp(—%)}, (1)

where My gives the immediate response of M to H. We

also assume that the relaxation time for the ith compo-

nent, 7;, has an activation-type T dependence with an

activation energy of A;, which decreases linearly with

increasing magnetic field H.
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Here, if a does not depend on ¢ (although it may depend
on H and T), then

M=ot ) M; oo eiagmm )| ©

where
B =exp(aH/kpT) (4)

Note that in the formula for M given by eq. (3), H
appears only in . This means that if ¢ is normalized
appropriately by a factor of § determined by both H and
T, all the M(t) curves at each T' at various values of H
merge to a single curve. Figure 6 (e) shows such a scaling
plot of the data at 45 K. We found that not only M but
also p exhibits such scaling behavior, as shown in Fig. 6
(f). The parameter S is plotted as a function of H in
Fig. 6 (d). We also confirmed that such scaling behavior
holds between 55 and 40 K for both M and p (shown in
the supplementary material.2%) This result implies that
the relaxation behavior in this compound is dominated
by bulk properties and not by domain boundaries.

How does a magnetically disordered state appear be-
low T17 A possible scenario is that there is a change in
the pattern of charge ordering that causes a change in the
sign of the interlayer magnetic interaction. As described
in the introduction, there are two inequivalent Mo sites
on the square lattice in a checkerboard pattern, and along
the ¢ axis, the Mo** ion exists next to the Mo** ion and
Mo exists next to Mo®*. However, the compound can
save its long-range Coulomb repulsion energy by plac-
ing Mot next to Mo®T, even along the ¢ axis. This
causes a change in the occupation pattern of Mol and
Mo2. Namely, Mol is occupied by Mo*t and Mo2 is occu-
pied by Mo®* every two layers.?® Associated with such a
change in the charge-ordering pattern (charge rearrange-
ment) possibly occurring at 77, a connection between the
Mo** ion and the Mo®t ion via the MoyO1g pillar ap-
pears. Interestingly, in this charge-ordered state, the an-
tiferromagnetic alignment of the two moments along the
c axis results in the ferromagnetic alignment of the ferri-
magnetic moment at each layer along the ¢ axis. Namely,
the effective interlayer magnetic interaction changes from
AFM to FM with the charge rearrangement.

Such a possible sign change in the interlayer magnetic
interaction occurs far below the ferrimagnetic ordering
temperature (~ 200 K), where the Mo spins are strongly
coupled within a layer and behave as one spin. We spec-
ulate that the charge rearrangement at T; requires the
reorientation of such a spin, which is composed of many
spins strongly coupled within a layer, but they eventually
fail to fall into a regular FM arrangement and remain in
a disordered state along the ¢ axis because of the diffi-
culty in simultaneously flipping many spins. This disor-
dered state can lead to the anomalous relaxation behav-
iors when the magnetic field is applied. It is known that
such charge ordering is fragile against disorder,?”?8 and
we speculate that the charge rearrangement disappears
in the Mn-doped sample and the FSE crystal, where the
high-T arrangement of Mo** and Mo®* and the AF con-
figuration of the ferrimagnetic moment along the ¢ axis
survive down to the lowest T. We also point out that
the anomaly at 75 = 95 K may be caused by another
type of charge ordering (charge rearrangement), where



the number of the d electrons on the Mo2 ion (nominally
Mo**) is enhanced whereas that on the Mol ion (nomi-
nally Mo®T) is suppressed. Namely, the number of the d
electrons is 1.5 + 6 and 1.5 — § on the Mo2 and the Mol
ion, respectively, with the § value of less than 0.5 above
T5, but the § value increases and approaches 0.5 below
T, inducing the localization of the d electrons. This can
explain the increase in p [Fig. 1 (¢)] and M at 5 T [Fig.
2 (b)] at T» with decreasing T'.

Finally, let us discuss the possible mechanism of mag-
netoresistance in the present compound. In Ref. 23, the
magnetoresistance of the LasMosO14 crystal grown by
the FSE method was measured only along the ¢ axis, and
was interpreted as the tunneling-type magnetoresistance
based on the smaller resistance in the ferromagnetic con-
figuration of the ferrimagnetic moment along the ¢ axis.
In the present study, we measured the magnetoresistance
also along the ab plane, and found that the behaviors are
similar to those along the ¢ axis, as shown in the sup-
plementary material.?® This indicates that the origin of
the magnetoresistance is not a tunneling-type but the
three-dimensional electronic structure changes with the
change in the configuration of the ferrimagnetic moment
along the ¢ axis. Another issue that should be considered
is the positive magnetoresistance in the initial magneti-
zation process; the resistivity becomes higher with the
ferromagnetic configuration compared with the random
configuration along the ¢ axis. A possible idea to explain
this result is that the random configuration of the mag-
netic moment along the ¢ axis induces disorder in the
potential for electrons and yields impurity states, which
causes the hopping conduction in the impurity band.

IV. SUMMARY

We studied the resistivity and magnetization of
La5Mo4016 and La5M03,9Mn0_1016 grown by the float-

ing zone (FZ)technique. We found that, in addition to
the antiferromagnetic ordering at T ~ 200 K, anomalies
appear at 77 ~ 60 K and 75 ~ 95 K in the temperature
(T') dependence of both resistivity (p) and magnetiza-
tion (M) for the FZ crystal of LasMo4016, though these
anomalies disappear for the Mn-doped crystal or that
grown by the fused-salt electrolysis method. We also
found that a large positive magnetoresistance appears
below T3 only in the initial magnetization process for the
FZ crystal of LasMo4O16. Furthermore, both p and M
exhibit a time (¢) dependence, i.e., a relaxation behavior,
when the magnetic field (H) is applied. In contrast to the
magnetic relaxation behavior in conventional magnets, it
occurs down to low H without any threshold. We found
that the curves of both p and M vs t at various values
of H merge to a single curve if ¢ is normalized at each
T. These experimental results indicate that the magnetic
state below T} is a disordered one, and with the applied
H, the magnetic state changes to that with a larger M
by overcoming energy barriers with various heights. We
propose a possible scenario that the charge rearrange-
ment of Mo*T and Mo®T occurs below 7} and it causes
a change in the sign of the effective interlayer magnetic
interaction from antiferromagnetic to ferromagnetic, re-
sulting in the random configuration of the ferrimagnetic
moment along the c axis.
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