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Abstract

Structural, magnetic and electrical properties of the Lag7Cag 15Srg.1sMn;_,Mo, O3

(0 < x < 0.05) compounds have been investigated. Powder x-ray analysis reveals that the
sample with x = 0 crystallizes in the rhombohedral (R3c) structure, whereas in the Mo doped
samples the structure can be indexed by an orthorhombic (Pbnm) structure. The important
observations of the magnetic and transport properties are: (i) the Mo substitution induces a
distinct suppression of the metal—insulator (7) and ferromagnetic (FM)—paramagnetic
transition (7¢) and the temperature of Ty was found to be higher than T¢ in the Mo-doped
samples, (ii) the substitution of Mo enhances the magnetoresistance at room temperature,

(iii) a large deviation from the Curie—Weiss law well above T¢ in the Mo substituted samples
indicates the existence of a Griffiths phase and (iv) long-range FM order persists in all samples
with a linear decrease of saturation moment as x increases. These results are discussed in
terms of the Mn-site disorder and opening of strong FM coupling between Mn?**—-O-Mn?**, due
to the Mn?* ions induced by Mo®* at the expense of Mn** ions in the

Lag7Cag.15519.1sMn;_, Mo, O3 system.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The phenomenon of colossal magnetoresistance (CMR) in
mixed manganites R;_,A,MnO; (R is a trivalent rare-earth
ion and A is a divalent alkaline-earth metal ion) have attracted
considerable attention in recent years [1-3]. The CMR
effect is initially explained within the framework of the
Zener double exchange (DE) mechanism [4]. Additional
effects, e.g. the strong Jahn-Teller (JT) interactions and
phase separation (PS) are reported to play important roles
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in these materials [5,6]. Recent studies reveal that the
CMR system is intrinsically inhomogeneous even in the best
crystals, where the competition between the ferromagnetic
metallic (FMM) and the paramagnetic insulating (PMI) phases
results in the electronic PS [7-9]. It was observed that the
existence of ferromagnetic (FM) clusters in paramagnetic (PM)
phase is well above the Curie temperature, 7c. Due to the
inhomogeneous distribution of FM clusters, the existence of
Griffiths [10] temperature Tg above T¢ has been predicted
in a number of perovskite manganites. The phase in the
temperature range between Tg and T¢ is usually referred to as
the Griffiths phase (GP) [11]. Such a system exhibits a sharp
downturn in the inverse of high temperature susceptibility

© 2009 IOP Publishing Ltd  Printed in the UK
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above Tc. In several reports, it is argued that the CMR effect
should be treated in the context of a Griffith’s singularity driven
by intrinsic randomness, the combined effect of doping, the
tendency for charge segregation and the self-trapping effect
associated with polaron formation [9, 12—-17]. Tong et al [18]
indicated that the GP is not necessary to be tied with the CMR
in the electron doped manganites. They indicated that the strain
field, in addition to quenched disorders, may be an alternative
approach to understand the observed GP. Jiang et al [19] also
reported that the GP account for CMR is not a prerequisite in
manganites. However, the GP in manganites linked to CMR
is the subject of ongoing discussion and current attention.

The nature of local magnetic coupling between the
neighbouring spins can only be addressed by Mn site
substitution. This is an effective trigger for PS and to
exhibit enormous magnetoresistance (MR). The results of such
substitution depend on the reference state and the chemical
nature of the impurity. Different effects can be produced
upon Mn-site doping in FM manganites. There have been
a great number of reports on the substitution effects of Mn
cations by non-magnetic ions such as Al, Ti, Ga, Sc and Ta
[20-25]. It has been found that doping in Mn sites with
foreign elements in general destroys DE ferromagnetism in
the samples, which is caused by decreasing the 7T¢ and Ty
temperatures dramatically. More interestingly, the PM unfilled
eg orbital (Ru, Cr, Co, Cu, Fe and Ni) [26-32] ions at the Mn
site in manganites cause a PS. Magnetic dopants like Cr, Co
or Ni on the Mn site in charge ordered insulating manganites
promote a percolative FM metal, while non-magnetic dopants
of the same valence do not [33-35]. Both magnetic and
non-magnetic dopants destabilized orbital ordered A-type
antiferromagnet in favour of a FM state [36]. However, the
Mo substitution at the Mn site destroys the antiferromagnetism
(AFM) and FM state prevailing in A or G-type AFM insulators
[37,38]. Such FM ordering is due to the different Mn species
(Mn?* and Mn**) induced by Mo®". Nevertheless, Mo-doped
Lag ¢7Bagp 33Mn;_,Mo, O3 compounds exhibit the magnetic
pair formation between Mn**: Mo® < Mn**: Mo** [39].
Recently, the mixed valence state of Mn (Mn?*, Mn** and
Mn**) co-existing in Lag;Cag3Mn;_,Mo, O3 compounds by
partial substitution of Mo®" were reported [40] since Mo can
exist with different valence states and induces different Mn
valences.

Lag7A93MnO3 (A = Ca or Sr) compounds are studied
carefully to optimize the Curie temperature and MR. The phase
diagram of these compounds (7¢ dependence on (ra)) is well
known and appears like a bell shape [41]. In particular, if
A = Ca, then the value MR is maximum with lower Tc.
But in the Sr case, the 7¢ is higher with low MR value.
Interestingly, the Lag7Cag3_,Sr,MnOj3 system undergoes a
structural transition between the orthorhombic (Pbnm) and the
rhombohedral (R3¢) structure depending on the variation of
both x and the temperature. The average ionic radius ry =
1.227 A corresponding to x = 0.15 exhibits the concentration
structural phase transition [42-45]. Moreover, this transition
is controlled by an external magnetic field, indicating a small
difference between the ground state energies for these crystal
symmetries [43]. Therefore, it is reasonable to suggest that

any external perturbation of the crystal lattice (such as lattice
strain) leads to a structural modification in this compound. It
is worthwhile to investigate the influence of the substitution
at the Mn site by other elements without disturbing r in the
vicinity of the above noted structural and FM phase transition.

Among all Mn-site substitutions, the Mo substitution
effect has been considered to be of particular interest, due to its
high valence state (Mo®") and its d° electronic configuration.
Even the small amount of Mo doping is anticipated to induce
a large variation in the Mn valence. Moreover the effect of
Mn-site substitution in Lag7Cag 15519, 1sMnO3 compound has
never been reported as we know. In this paper, we study the
effect of Mo substitution on structural, magnetic and transport
properties of the Lag7Cag 15510.15Mn;_,Mo, O3 system. This
system shows interesting GP in Mo-doped samples.

2. Experimental details

Polycrystalline samples of nominal composition Lag7Cag 15
Sro.1sMn;_ Mo, O3 (x = 0 to 0.05 with steps of
0.01) were synthesized by the solid-state reaction method.
Stoichiometric proportions of dried high purity La,O3
(99.999%), CaCOsz (99.9%), SrCO3; (99.9%), MnCO;
(99.99%) and M003(99.99%) powders were mixed and first
fired in the air at 900 °C for 12h. The pre-heated powders
were ground thoroughly and calcined at 1200°C for 12h
with intermediate grinding. The calcined powders were then
pressed into pellets and sintered at 1400°C for 24h. All
the samples were prepared under identical conditions. The
structure and phase purity of the samples were checked by
powder x-ray diffraction (XRD) using the Cu—Ko radiation at
room temperature. The field cooled (FC) and zero field cooled
(ZFC) magnetization curves were measured in a commercial
SQUID magnetometer with the temperature range from 4 K to
400K in an applied field of 50 and 1kOe, and the hysteresis
curves were measured at 10 K for —50kOe < H < +50kOe.
The dc resistivity and MR of the samples were measured using
the conventional four-probe method in the temperature range
from 10 to 350K in a closed cycle helium refrigerator placed
in a water cooled electromagnet with a field from —8.9 kOe
to +8.9kOe. The MR ratio of the samples is defined as
MR = [p(H) — p(0)]/p(0), with p(0) and p(H) being the
resistivity measured at zero magnetic field and an applied
magnetic field H, respectively.

3. Results and discussion

The XRD patterns of the polycrystalline Lag;Cag 1551915
Mn,_,Mo, O3 samples are shown in figure 1(a). The XRD
pattern of the sample x = 0 can be categorized by a
rhombohedral structure with space group R3c¢. On the other
hand, the Mo doped samples change structure and it was
indexed by an orthorhombic (Pbnm) structure. The enlarged
view of the 260 = 32-33.5° (figure 1(b)) range illustrates how
the intense reflections of the R3¢ doublet (110 and 104)
transform into the 121 reflection of the Pbnm phase with
weaker 002 reflection when the Mn is partially substituted
by Mo. The phase transformation can be clearly shown in
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Figure 1. (@) The XRD patterns of Lag7Cag 15Sry.15sMn;_, Mo, O3 - ) . . |~7.724 -
samples, the miller indices of the major Bragg reflections are 5-460.01 ' 0.02 ' 0.03 ' 0.04 ' 0.05

indicated and the secondary phase marked as an asterisk, (b) the
enlarged view of the 260 = 32-33.5° and (¢) the enlarged view of the
20 = 46-48°.

the enlarged view of the 260 = 46-48° (figure 1(c)) range,
the intense 024 reflection of the R3¢ phase splits into 202
and 040 reflections of Pbnm. The patterns clearly reflect
the structural changes caused by the replacement of Mn by
Mo. In higher Mo-doped samples, a small secondary phase
of SrgsCapsMoOy [46] was detected and it is marked by an
asterisk in figure 1(a). The structural parameters of the samples
are refined by the standard Rietveld technique. Typical XRD
patterns along with Rietveld refinement are shown in figure 2
for the (a) x = 0 and (b) x = 0.03. It shows that the
fitting between the experimental spectra and the calculated
values is relatively good. The lattice parameters increase
monotonically with increasing Mo content (figure 2(c)). The
most stable valence state of Mo is 6+, which converts the
Mn** into Mn?* ions in order to keep the charges balanced.
The increase in the lattice parameters is consistent with the
increasing concentration of Mn>* (0.83 A), which is larger than
Mn?* (0.645 A) or Mn** (0.54 A) ion [47]. A decrease in the
lattice parameter for the sample with x = 0.05 is due to the
existence of a small secondary phase.

The variation of magnetization (M) as a function of
temperature for the Lag7Cag 15Srg.15sMn;_, Mo, O3 samples in
a field of H = 1kOe is shown in figure 3. The nearly
temperature independent behaviour observed in the M (T)
curves at low temperature indicates that the long range FM

X (Mo content)

Figure 2. Rietveld refinement spectra of Lagy;Cag 15Sro 15sMn;_, Mo,
O3 samples where (@) x = 0 and (b) x = 0.03. In each spectrum,
the symbol denotes the observed intensity (/,ps), and the continuous
line denotes the calculated intensity (/). The difference between
the observed and the calculated intensities is shown at the bottom of
the figure. The calculated Bragg-reflected positions are marked by
the vertical bars. (c¢) The variation of lattice parameters as a
function of x.

ordering persists for all samples. A sharp transition from a
PM to a FM state is observed for all samples. For the undoped
sample, the obtained value of the T¢ is ~330 K, consistent with
previous reports [43]. The 7¢ is defined as the temperature
corresponding to the maximum of —dM/dT in the M(T)
curve. Itis observed that the T¢ decreases monotonically with
increasing x, where T¢ of ~292 K is observed for the sample
with x = 0.05. The suppression rate (d7¢/dx) is found to
be 7.6 K at% !, which is much smaller than that of the other
Mn-site doped systems. This indicates the existence of strong
magnetic coupling between the neighboring Mn ions. Further
evidence can be obtained from the low temperature hysteresis
curves.

Figure 4 shows the field dependence of magnetization
for the Lag7Cag 15S19.1sMn;_,Mo,03; samples at 10 K. The
magnetization tends to saturate at low fields for all the samples,
indicating a long-range FM order. The saturation magnetic
moment for Mn ion (ftexp) Obtained at 5T decreases linearly
withincreasing x, as shown in the inset of figure 4. Considering
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temperature for Lag;Cag 15519 15Mn;_,Mo, O3 samples measured in
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Figure 4. The isothermal M (H) curves for Lay;Cag 15519 1sMn;_,
Mo, O3 samples measured at 10K for —50kOe < H < 50kOe.
The right inset shows the expanded view and the left inset shows the
experimental and calculated saturated magnetic moment per formula
unit as a function of x.

the dilution of non-magnetic Mo®", the moment per Mn ion is
expected to be (1 — x) texp, but the value of ey is higher for
the doped samples. This indicates that the substitution of Mo
does not merely destroy DE ferromagnetism, since, a much
higher decreasing rate in d7¢/dx and ptexp should obtain.

The partial substitution of hexavalent Mo not only
decreases the Mn** concentration but also induces the
Mn?** ions according to the charge neutrality formula
LaltCa% Stz Mn3tMng%h , Mn>*Mo%*0;. Similar diva-
lent Mn spectral features as those reported in this work were
recently reported in a Lay7Cag3Mn;_,Mo, O3 system [40].
The amount of Mn?* will increase with increasing Mo content
giving rise to an increase in dy,_o and a decrease in Oyi,_0_Mn-
Thus, the DE interaction weakens because of the narrowing

0.04

0.03 |-

0.02

p (2 cm)

0.01

0.00

0 50 100 150

200 250
T (X)

300 350

Figure 5. The temperature dependence of resistivity p(7) curves
for Lag 7Cay 15519 1sMn;_, Mo, O3 samples measured at zero field.

of the bandwidth and T¢ would decrease with the increase in
the Mo-doping level. This formula is consistent with the XRD
measurements. But the lattice parameters for x = 0.05 are
quite different, not following the trend displayed by other con-
centrations. Surprisingly, the magnetic properties of x = 0.05
are not special. The observed impurity phase Sry 5CagsMoO4
is a non-magnetic compound, due to empty 4d orbits in Mo®*
ions. Because of this impurity phase there is a small deficiency
in the A site (i.e. 2+ site) and Mo®" in the actual manganites
phase. The deficiency in 2+ will create Mn** ions and the
overall Mn** ions are not changed. According to the charge
balance the effect of Mo deficiency in the Mn site is negligible.
On the other hand, the ionic radii of 2+ is large compared with
Mn ions, which will have a greater influence on lattice param-
eters rather than that of the magnetic and transport properties.
A smaller suppression rate and long-range FM order in doped
samples support the opening of another DE channel between
Mn?**—O-Mn** ions. This is further supported by effective
magnetic moments deduced from the Curie—Weiss equation.

Fits of the magnetic susceptibility to a Curie—Weiss law
above T¢ yield a high effective Bohr magnetron number Peg.
The obtained P.g values are 5.57, 6.05, 6.43, 6.61, 6.81 and
6.92 g for the samples with x = 0, 0.01, 0.02, 0.03, 0.04 and
0.05, respectively. According to a mean field approximation,
the expected Pe‘z can be calculated as 4.59, 4.58, 4.57, 4.56,
4.55 and 4.54 pug for the samples with x = 0, 0.01, 0.02, 0.03,
0.04 and 0.05, respectively. The value of Pe‘?f is expected for a
mixture of (x) Mn%*, (0.7) Mn** and (0.3—2x) Mn**, where the
average magnetic ion spin is taken as a weighted mean value of
S =5/2,2 and 3/2, respectively. The experimentally obtained
value of P is higher than the P;lf‘f value and increases with x.
This implies that the formation of FM spin clusters in the PM
state [8] and the observed enhancement of Peg; with Mo doping
also supports the existence of Mn>*.

The temperature dependence of the resistivity p(7') curves
for the Lay;Cag 5Srg.1sMn;_,Mo, O3 samples measured at
zero field are plotted in figure 5. The p(T) curve of
sample x = 0 shows a single metal insulator transition Ty
at 328 K, which coincide with T-. The value of Ty decreases
monotonically with increasing x, where Tyy of ~316K is
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observed for the sample with x = 0.05. The suppression
rate (dTyy/dx) is found to be 2.4 K at% !, which is smaller
than that of the d7¢/dx. Applying the magnetic field H
lowers the resistivity (not shown here) for all the samples
and leads to an increase in Ty and a negative CMR effect.
The temperature of Ty is higher than that of the 7¢ for the
Mo-doped samples (shown in the phase diagram), which is
rarely found even in ideal single crystals. This anomalous
behaviour and the evidence of magnetic spin clusters above T¢
supports the existence of the GP in Mo-doped samples.
Griffiths [10] considered a system with randomly
distributed spins, in which a fraction p of the lattice sites were
occupied by magnetic ions and the rest remained vacant. As
p = 1, the magnetic ions occupy every lattice site, and the
long-range FM transition occurs at a temperature 7 called
the Griffiths temperature. For a real system, p < 1, the
transition is suppressed to a lower temperature 7c. Bray
[11] extended this argument to all systems in which disorder
suppresses the magnetic transition temperature from 7 to Tc.
Recently, the Griffiths theory has been used to quantitatively
explain the magnetic and transport properties of manganites
[9, 12-17]. Among the effects that characterize the GP are a
random distribution of FM clusters for the temperature range
Tc < T < Tg. On the other hand, the DE mechanism predicts
that these magnetic clusters themselves are metallic due to the
FM ordering of Mn spins inside the clusters. The FMM and
PMI regions co-exist for the temperature range Tc < T < Tg,
both randomly fill the space of the sample, predicted by the
Griffiths theory incorporating the DE mechanism. Thus, the
total resistivity of the system comprises both ppy and ppy.
Hence the total resistivity of the system can be expressed
as [48,49]
P = pprm + (1 — p) ppm, (D

where p and (1 — p) are the volume fractions of the FMM
and PMI regions, respectively. The volume fraction, p, of
FMM clusters increases as the temperature is lowered from
Tg. Above Tg, no FMM clusters exist and the conductivity
is insulating, whereas below Tg, the clusters of metallic
conductivity grow upon cooling. Therefore, a temperature
dependent p is required to fit the experimental data. As
the p is increased to a critical value p., the percolation
threshold, the metallic percolation paths start to form. This is
expected to occur around 7¢. The temperature dependence of
p were assumed to obey a simple two-energy level Boltzmann
distribution and given as p = 1/[1 + exp(—AU/kgT)], AU
is the energy difference between the FMM and the PMI states,
andis expressedas AU ~ —Uy (1-T/ TC‘nOd), Uy is the energy
difference for temperature well below Té“"d [48,49].

In the FMM region (T < Tyy), to obtain a satisfactory fit
of the experimental data in manganites, several mechanisms
have been proposed. These include the different combinations
of the electron—electron (7'?) [50, 51] with 7% (combination
of electron—electron, electron—phonon and electron—-magnon

[52, 53], single magnon (T3) [54], two magnon (T*3) [55],
spin-waves (T33) [56], and phonons (7°) [57] scatterings.
Using the above combinations, the coefficient of the T2 term
in our samples was found to be ~2.2 x 1077 QcmK~2,
which is too large to account for electron—electron interactions.

0.03

0.02

0.01
—_
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<)
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Figure 6. The temperature dependence of resistivity p(7') curves
for x = 0 and x = 0.03 samples measured at zero field. The solid
lines represent fits to the percolation model.

According to Jaime et al [51], it should be ~9 x
107°QcmK~2.  Alexandrow and Bratkovsky [58] argued
that even below T¢, polaronic transport remains the dominant
charge carrier. The impurity and two magnon scattering
contributions included in polaronic conduction and the low
temperature resistivity is governed by [59]

pim(T) = popasT* + C /sinh* (haws/2ks T), 2)

where py is the electrical resistivity due to the grain boundary,
domain boundary and other temperature independent
processes, p4.5 represents the electrical resistivity due to the
two magnon scattering in the FMM phase, C is a constant
proportional to the effective mass of polarons, i.e. the electron—
phonon coupling strength, w; is the average frequency of the
softest optical mode. In our samples both including the T*3
term and without the 2nd term data is not satisfied. However,
the T2 term in the empirical fit to the data expected to
be significant in this system. So, the ppy was analysed
using polaronic conduction including impurity and 7> terms
pm(T) = po+prsT?> + C/sinh2 (hws/2kgT) and in the high
temperature range (ppy) the adiabatic polaron model [60, 61]
oM = po T exp(E,/ksT) was used. Equation (1) is used to
examine our resistivity data over the whole temperature range.
The solid lines in figure 6 show excellent agreement between
the measured and calculated data using equation (1) for all the
samples. From the non-linear fittings (figure 6), we estimated
the volume fraction of the FMM (percolation threshold, p).
The typical temperature derivative of the volume fraction
p obtained by fitting the data to the percolation model is
plotted in figure 7 along with the temperature dependence of the
inverse susceptibility for (@) x = Oand (b) x = 0.03. If the FM
clusters have larger spins, x (7') would show a large deviation
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Figure 8. Transport and magnetic phase diagram for the Laj;Cag ;5
Srp.1sMn;_,Mo, O3 system. The identified phases are PMI, FMM
and GP (grey region).

from the Curie—Weiss form when the T appears. Therefore,
the low field susceptibility would give a direct support for the
existence of the GP. It is interesting to note that the undoped
sample (figure 7(a)) shows no deviation from the Curie—Weiss
law in the PM region and the onset of metallicity coincides with
Tc. But a significant downturn in the x —1_ T curve at T well
above 7¢ and the onset of metallicity do not coincide with T¢
observed in the Mo doped samples (figure 7(b)). This suggests
that more high spin FM clusters have embedded into the PM
matrix before the PM-FM transition in the doped samples.
The Mo substitution induces an inhomogeneous distribution
of magnetic clusters.

Figure 8 represents a proposed transport and magnetic
phase diagram for the Lagy7Cag 5519 1sMn;_,Mo, O3 system
showing the effects of increasing disorder by substitution of
Mo at the Mn site. For the x = 0 sample only one phase

-10
& —Fx=0
= 15 —(O—x=001
X —/\— x=0.02
220 -/ *= 0.03
<]_ x=0.04
25 —>— x=005
. 1 1 1 1
0 2000 4000 6000 8000
H (Oe)

Figure 9. The field dependence of MR ratio measured at room
temperature for the Lag7Cag. 15519 15Mn;_, Mo, O3 samples.

change occurs i.e. PMI to FMM. But in the Mo-doped samples,
different phases co-exist: PMI, GP (grey region) and FMM.
A special region, corresponding to the temperature range of
Tc < T < Tg, is indicated by the grey region (GP). It is
seen that GP is enlarged with increasing Mo content. This
is due to the enhanced localization of carriers because of the
increasing Mn?* induced by Mo®" ions resulting in random
charge trapping centers at the Mn site. Inside this region, the
samples show complicated conductivity and anomalous PM
behaviour simultaneously, the Griffiths theory incorporating
the DE mechanism is applied to the present system.

The field dependence of the MR ratio measured at room
temperature for the Lag;Cag 15519, 1sMn;_,Mo, O3 system is
plotted in figure 9. The MR versus H curves reveal the typical
features of the intrinsic CMR behaviour. The MR ratio near
room temperature increases apparently with the increasing
Mo-doping x. As discussed earlier, the Mo doping leads to
the formation of FMM and PMI clusters. The MR is governed
by the field induced enhancement in the size and connectivity
of these FMM clusters. When a magnetic field is applied,
the size of the PMI clusters remains unaltered while that of
the FMM ones increase, leading to a decrease in resistivity.
For x = 0.04, MR reaches a maximum value of 25.2% at
room temperature, which is six times higher than that of the
undoped sample for H = 8.9kOe. This suggests that at this
concentration the applied magnetic field is strong enough to
induce optimum density of the conduction channels. However,
for the x = 0.05 sample the density of the PMI clusters is
large due to the impurity phase, and consequently the MR is
relatively smaller. As present, the Mo substituted samples
comprise dual DE interactions having Mn?*-Mn** and Mn**—
Mn* along with the resulting three superexchange (SE)
interactions between Mn>**-Mn**, Mn**-Mn** and Mn?*"—
Mn?**. These competing DE and SE interactions along with
the inhomogeneity arise due to differences in the Mn size and
valences are expected to enhance the MR as compared with
the single DE of Mn**—Mn**.
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4. Conclusions

We have investigated the influence of Mo substitution at the Mn
site on structure, magnetic and magneto transport properties
in the Lag7Cag 15S1r9.1sMn;_,Mo,03 system. Powder x-ray
analysis reveals that the structural change rhombohedral to
orthorhombic occurs with Mo doping. The M(T') and p(T)
data show an anomalous PM behaviour and complicated
conductivity simultaneously in the temperature range T¢c <
T < Tg for the Mo-doped samples. In this range the results
are discussed within the framework of the Griffiths theory
incorporating the DE mechanism. The MR ratio near room
temperature increases apparently with increasing x. The
Mn-site disorder and the existence of FM coupling between
Mn**—O-Mn?** due to the Mn?* ions induced by Mo®" in the
samples are responsible for the results above. These results
suggest that Mn site Mo substitution could be a potential way
to tune CMR at room temperature.
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