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Structural and magnetic transitions in spinel FeMn,(, single crystals
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Materials that form the spinel structure are known to exhibit geometric frustration, which can lead to magnetic
frustration as well. Through magnetization and neutron diffraction measurements, we find that FeMn,O,
undergoes one structural and two magnetic transitions. The structural transition occurs at 7, ~ 595K from
cubic at high temperatures to tetragonal at low temperatures. Two magnetic transitions are ferrimagnetic at
Tri—1 ~ 373K and T, ~ S0K, respectively. Further investigation of the specific heat, thermal conductivity,
and Seebeck coefficient confirms both magnetic transitions. Of particular interest is that there is a significant
magnetic contribution to the low-temperature specific heat and thermal conductivity, providing a unique system

to study heat transport by magnetic excitations.
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I. INTRODUCTION

Spinel oxides are of great importance in basic science
and potential applications due to their wide range of exciting
magnetic properties such as frustrated antiferromagnetism,
multiferroics, spintronics, spin-orbital liquids, and orbital glass
behavior [1-6]. These are derived from their unique structure
with general chemical formula AB,QO,4, where A and B are
usually transition metals. The ionic distribution of spinels
is often written as (A_y By)[Aq By« ]04, with the elements
in the parentheses and the square brackets residing in the
tetrahedra and the octahedra formed by the oxygen ions,
respectively [5,6]. Here, o represents the degree of inversion,
variable between 0 and 1 [7,8]. If « = 0, it is regarded as
normal spinel structure with A in the tetrahedral and B in the
octahedral environment. If « = 1, an inverse spinel structure
is formed with half of the B atoms and all of A atoms in
the octahedra, with the remaining B atoms in the tetrahedra.
The structures with O<a <1 are known as mixed spinels with
A and B atoms partially residing in both tetrahedral and
octahedral environments.

If A and B are magnetic elements, the spinel compounds
may be considered as two sets of magnetic sublattices: one
with ions residing in the tetrahedra (7 sublattice) and the other
in the octahedra (O sublattice) [9]. While the T sublattice forms
the diamondlike structure not frustrated for nearest-neighbor
interactions, the O sublattice is pyrochlorelike, giving rise to
frustrated magnetic interactions. Typically, the ions within a
sublattice interact ferromagnetically (FM) whereas the ions
between two sublattices interact antiferromagnetically (AFM)
[8,9]. According to Néel theory [9], the exchange interaction
between the ions of 7 and O sublattices is much stronger
than the exchange interaction within the sublattice. Due to
the unequal numbers of 7 and O sites and the dominating
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interaction between two sublattices, a net magnetic moment
is developed, in favor of ferrimagnetic (FI) ordering [8—10].

Mn, Fe;_, 04 is one of the earliest studied spinel oxides
[11-13]. At room temperature, it crystallizes in a cubic struc-
ture for x < 2, or in a tetragonal structure for x > 2 [12].
The tetragonal structure is manifested due to a cooperative
Jahn-Teller (JT) distortion of the MnQOg octahedra [12-14].
Magnetically, this system orders in a ferrimagnetic (FI) con-
figuration [15,16]. While there is a trend that the transition
temperature Ty decreases with increasing x [17], most of
these studies have been performed on the iron-rich region, i.e.,
x < 1. To date, there are few reports on the manganese-rich
compounds [15,18-20]. Figure 1(a) shows the crystal structure
of FeMn,04 (x = 2), where all Fe ions occupy the octahedral
site along with Mn ions. In other words, it forms an inverse
spinel structure with « = 1 [17,21]. Here, we report the struc-
tural (neutron powder diffraction), magnetic (magnetization),
and thermal properties (specific heat, thermal conductivity,
and thermopower) of FeMn,Qy, single crystals. One structural
transition and two magnetic transitions are identified via
magnetization and neutron diffraction measurements. At low
temperatures, magnetic excitations have significant impact on
thermal properties including thermal conductivity and specific
heat.

II. EXPERIMENTAL PROCEDURE

Single-crystalline FeMn, 0,4 was grown using a two-mirror
optical floating zone furnace. For the growth, we first synthe-
sized polycrystalline FeMn, O, via the solid-state reaction of
the mixture of Fe, O3 and Mn, O3 with a 1:2 molar ratio. It was
heated at 1250 °C for 12 h, and quenched in liquid nitrogen in
order to obtain the spinel structure. The quenched sample was
reground and annealed in air at 200 °C for 5 days to get rid of
the high-temperature cubic phase. The polycrystalline sample
was then hydrostatically pressed into rods, and further sintered
at 1250 °C for 12 h. The growth rate of 3 mm/h was used while
the top and bottom rods were rotated in opposite directions at
30 rpm to minimize inhomogeneity.
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FIG. 1. (a) Crystal structure of FeMn,0,. (b) Powder x-ray diffraction pattern at room temperature with all peaks indexed in the /41/amd
tetragonal symmetry. Inset: an as-grown single crystal with the growth direction indicated by an arrow; (c) (440)¢ and (404)¢ nuclear peaks
indexed in pseudocubic notation at indicated temperatures via neutron powder diffraction measurements. The peak indicated by * is the aluminum
(220) peak from the Al sample holder. (d) Temperature dependence of the integrated intensity of (404)c nuclear peak. Inset: the derivative of

the (404)¢ peak intensity for 7; determination.

The phase purity of the samples was verified via powder
x-ray diffraction measurements using a PANalytical Empyrean
x-ray diffractometer (Cu Ko radiation) and neutron Laue
diffraction. The chemical compositions of the single crystals
were measured using energy dispersive Xx-ray spectroscopy
(EDS) equipped by FEI Quanta 200 under the vacuum envi-
ronment. The low-temperature (2—400 K) magnetization mea-
surements were performed in a Magnetic Properties Measure-
ment System (MPMS-7 T, Quantum Design), and the high-
temperature (300-1000 K) magnetization measurements were
performed using the Vibrating Sample Magnetometer (VSM)
in a Physical Properties Measurement System (PPMS-14 T,
Quantum Design). The temperature dependence of specific
heat, thermal conductivity, and thermopower was measured
using the PPMS between 2 and 400 K. For four-probe electrical
resistivity measurements, we utilized a Keithley 2601 A System
SourceMeter®, along with the PPMS for variable temperatures.
Neutron powder diffraction measurements (between room
temperature and 700 K) were performed using the HB-1A
triple-axis spectrometer at the High Flux Isotope Reactor, Oak
Ridge National Laboratory.

III. RESULTS AND DISCUSSION

A typical single-crystal boule obtained from the floating-
zone furnace is shown in the inset of Fig. 1(b). The room-
temperature x-ray diffraction data obtained from powder made
by crushing single crystals is shown in the main panel of

Fig. 1(b). All peaks can be indexed under a tetragonal crystal
structure (/4{/amd, No. 141) witha = b = 5.91 A and c =
8.91A, indicating a single phase. The lattice parameters of
such structure are usually reported in pseudocubic notation.
In this notation, the lattice parameters are transformed to
a' =+2a=836A and ¢’ = ¢ =891 A with ¢'/a’ = 1.07
[22], which is comparable with the previous reports [15,20].
Interestingly, neutron diffraction indicates that a single crystal
grows along the (111)¢ direction, as illustrated in the inset of
Fig. 1(b). This suggests that the chemical bond is the strongest
along the (111)¢ direction. From the EDS measurements we
found that the actual Fe:Mn ratio was indeed 1:2 in our single
crystal, indicating the correct spinel phase.

Our neutron powder diffraction measurement confirms
the pseudocubic (tetragonal) structure at room temperature.
Figure 1(c) shows the neutron diffraction pattern in the range of
96° < 20 < 118° (wave length A = 2.36 A) at three different
temperatures. The peaks are labeled in pseudocubic notation
and the peak at 26 ~ 111° can be indexed as aluminum (220)
reflection from the aluminum sample holder. It can be seen that,
at 423 K (blue dots), both (440)¢ and (404)¢ peaks are present
and well separated. At 583 K (green dots), the two peaks seem
to move toward each other with decreased intensities. At an
even higher temperature of 618 K (red dots), the (440)¢ and
(404)¢ peaks merge into a single peak, indicating a structural
transition between 583 and 618 K in FeMn,O4. The crystal
structure becomes cubic at high temperatures. In order to
determine the transition temperature, we traced the (404)¢
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peak as a function of temperature. Figure 1(d) shows the
temperature dependence of the (404)¢ integrated intensity. It
shows that the (404)¢ peak becomes detectable below 618 K.
The scattering intensity increases with decreasing temperature
and tends to saturate below 550 K. This suggests that the cubic-
tetragonal transition has a transition temperature window of
AT, ~ 618 — 550 = 68 K. We thus determine the transition
temperature T, ~ 595 K, corresponding to the peak position
in the derivative of intensity with respect to temperature [see
the inset of Fig. 1(d)]. This transition temperature is much
higher than that obtained from thermal expansion measurement
[19]. However, it was also reported that the structural transition
occurs near 623 K for FeyoMn;y 104 (x = 2.1) [19]. This
suggests that the structural transition is intimately connected
to Mn concentration and distribution as discussed previously
[10].

Figure 2(a) shows the temperature dependence of the
magnetization (M) between 2 and 800 K measured by applying
a 1000-Oe field along the (111)¢ direction of FeMn,Oy.
Black open circles represent the zero-field-cooling (ZFC) and
field-cooling (FC) magnetization data obtained from SQUID
(MPMS), while red circles represent the data from VSM. A
good agreement can be seen between the two sets of data in
the overlapping region between 300 and 400 K. Interestingly,
there is no anomaly near the structure transition region [see
the inset of Fig. 2(a)]. Instead, we note the sharp rise of M
below ~400 K, and an obvious decrease below 50 K. For the
easy determination of the transition temperatures, we calculate
dM/dT as shown in Fig. 2(b). Note that there are two peaks
with one at Tg—1 ~ 373 K and the other at Tg_» ~ 50 K. The
transition temperatures are comparable to those previously
reported [11,15]. In a previous neutron diffraction study, the au-
thors reported a ferrimagnetic ordering below 390 K followed
by sublattice spin reorientations below 55 K resulting in a
noncollinear ordering [15]. The downturn in M(T) below Tgy—»
indicates the reduced net magnetic moment, consistent with the
noncollinear behavior. Applying magnetic field perpendicular
to the (111)¢ direction yields similar magnetic behavior, with
a small difference in saturation moment as shown in the inset
of Fig. 2(b). This indicates that the magnetic easy axis is also
along the (111)¢ direction.

To further understand the nature of these magnetization
anomalies, we analyze the high-temperature susceptibility y =
M /H using a modified Curie-Weiss formula,

¢ 1

X=X+ —5- (H

Here, xo describes the temperature-independent contribu-
tion, 6 is the Curie-Weiss temperature, and C is the Curie
constant. By fitting our paramagnetic susceptibility data up
to Ty to Eq. (1), we obtain xo = 0.007 76 emu/mol, C =
0.259 emu K /mol, and 6 = 393 K. Figure 2(c) displays 1/x
as a function of temperature between 350 and 600 K, and the
fitting curve (green). While Eq. (1) fits our data reasonably well
between 450 and 600 K and the value of 6 is close to Tg_1,
Xo 1is high, and C is considerably small. In view of the field
dependence of magnetization at high temperatures as shown
in Fig. 2(d), it is simply linear behavior above 420 K. This
indicates that large x( is unlikely due to ferromagneticlike
impurity. On the other hand, from C = N4 /Lesz/ 3kp (Ny is

the Avogadro constant and kp is the Boltzmann constant),
we obtain the effective magnetic moment ~1.44up/f.u.
According to Ref. [15], the magnetic moment is ~4.3up
for the T sublattice, and ~3.1up for the O sublattice. This
indicates that the ferrimagnetic interaction cannot be described
by the simple Curie-Weiss law. According to the molecular
field theory of ferrimagnetism, the susceptibility above the
transition temperature is better characterized by the Néel’s
expression [9,16],

1 _ r—6, & . @)

X c’ T -6

Here, the first term describes the high-7 asymptotic behav-
ior, and the second term describes the hyperbolic behavior
near the ferrimagnetic transition. The red curve in Fig. 2(c)
represents the results from the fit of Eq. (2) to the experi-
mental data between 420 and 595 K with 6, = —824 K, C' =
11.91 emu K/mol, 8’ = 389.9 K, and & = 1495 mol K/emu.

In Eq. (2), 6,, C’, 0, and & are fitting parameters derived
from the two-sublattice model of ferrimagnetism [9,16]. The
parameter 6,, known as the asymptotic Curie temperature,
measures the strength of antiferromagnetic exchange coupling
of spins between the two sublattices [23,24]. The large value of
6, with the ratio |6,|/Tr—1 ~ 2.6 > 1 suggests an appreciable
magnetic frustration in the system [25]. The characteristic
temperature 6’ should be close to the ferrimagnetic transition
temperature [26], which is seen in our case. The parameter C’ is
the sum of the sublattice Curie constants, i.e., C' = Cr + Co
[9,16,23], which allows us to estimate the effective magnetic
moment ~ 9.76 5 per formula. Assuming the cation distribu-
tion is Mn?*)7[Fe3t*Mn3*], 04, we can calculate the theoret-
ical magnetic moment 5.9 /Mn** (S = 5/2: the high-spin
state) in the tetrahedral environment, and ~ 4.9up /Mn3Jr
(S = 2: the high-spin state) and 5.9 5/Fe’* (S = 5/2: the
high-spin state) in the octahedral environments [16]. Using
Wi = 12 + pu3 [24,27], the theoretical effective moment is
Uett ~ 9.68p, close to our experimental value. If it is dis-
tributed as (Mn?* gFe3t( )r[Fe3tysFe?to Mn3t, 11004 as
concluded previously [15,28,29], the calculated value should
be even larger, i.e., closer to our experimental value. This
suggests that Mn and Fe ions are in their high-spin states.

To further confirm the ferrimagnetic nature below Ty, we
measured the isothermal field dependence of magnetization
of FeMn,0y4, which is presented in Fig. 2(e). At 400 K, a
nonlinear M(H) develops at low fields, indicating the entrance
of the magnetically ordered state. Upon further cooling, the
nonlinear M(H) becomes more profound, forming a hysteresis
loop centered at the origin and saturation out of the loop,
as demonstrated in the inset of Fig. 2(e). The saturation
magnetization and coercive field increase with decreasing
temperature. The hysteresis loop and negative 6, indicate that
the magnetic anomaly at Trp—; ~ 373 K is due to ferrimagnetic
ordering which is consistent with the result obtained from a
previous neutron diffraction study [15].

At Tr—» < T < Tpi—1, the magnetization reaches satura-
tion easily as seen in Fig. 2(e), suggesting soft ferrimagnetic
nature. Below Tg;_,, the behavior of M(H) differs from that
at high temperatures. As shown in Fig. 2(f), M continuously
increases with increasing H without saturation up to 7 T
down to 2 K. This implies that magnetic alignment below
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FIG. 2. (a) Temperature dependence of the magnetization (M) under H = 1kOQe. Inset: zoomed-in view of M near T;. (b) Derivative of M
with respect to temperature for the determination of 7y _; and Ty, . Inset: field dependence of magnetization at 2 K with magnetic field parallel to
(111)¢ (red) and perpendicular to (111)¢ (blue). (c) Inverse magnetic susceptibility as a function of temperature. (d—f) Isothermal magnetization
hysteresis loops at indicated temperatures with 7 > Tg_y, Tg—y > T > Tg_2, and T < Tg_», respectively. Insets of (e,f): zoomed-in view of

M(H) from —0.2t0 0.2 T.

Tri—> 1s more difficult than that above Tg_». In view of other
spinel materials with two magnetic transitions, the transition
occurring at a lower temperature is usually due to the canting of
B-site spins [30,31]. Itis likely the same origin for the transition
at Tpp—» in FeMn,Oy4. As enlarged in the inset of Fig. 2(f), the
noncollinear magnetic alignment results in a larger hysteresis
loop than that in the collinear situation at high temperatures.
With decreasing temperature, the decrease of magnetic sus-
ceptibility [Fig. 2(a)] and the enhanced coercive field seen in
hysteresis loops [Fig. 2(f)] indicate the noncollinear magnetic
ground state.

Magnetic ordering usually involves entropy change, thus re-
sulting in specific heat anomaly. The temperature dependence
of the specific heat C,, of FeMn;04 between 2 and 400 K is
shown in Fig. 3(a). There is clearly a peak at T, indicating
a true phase transition. The small peak suggests that most
entropy is removed prior to ordering. Even though there is
a sharp decrease in magnetization, there is no sign in specific
heat at Tp—», while it tends to vary slower at low temperatures
as seen in dC,,/dT [see the inset of Fig. 3(a)]. Nevertheless,
we find the low-temperature specific heat can be described by
the following equation:

C)(T) = BT + 8T 220/, (3)

Here, the first term is the Debye phonon specific heat with
B = (121*/5)nN sk / 613) (where 0p is the Debye temperature

and n = 7 for FeMn,04). The second term is the magnetic
contribution to the specific heat in a ferri- or ferromagnetic
system [32-34], with § a constant related to the spin-wave
stiffness and A,, the anisotropy related spin-wave gap. As
shown in Fig. 3(b), the behavior of specific heat below
10 K is well described by Eq. (3) with the fitting parameters
B =22x10"*J/molK*, § =0.033J/mol K>, and A,, =
1.03 K. From the 8 value, we can estimate the Debye tempera-
ture Op =~ 395 K, which is comparable to the previous reports
on other manganese ferrites [35]. For comparison, we plot
the magnetic contribution (Cyn,) and the phonon contribution
(Cpn) in Fig. 3(b) as well. Remarkably, the magnetic contribu-
tion is much larger than the phonon contribution, indicating that
heat is mostly carried by magnetic excitation. Below 10 K, Cyp,
is almost negligible. This is similar to a previous observation
in MnFe, 04 nanoparticles [35].

The small phonon contribution is also reflected in thermal
conductivity. Figure 3(c) shows the temperature dependence
of the thermal conductivity «. Overall, the temperature profile
is prototypical for crystalline materials with a broad peak
around 80 K because of umklapp scattering processes at high
temperatures. On the other hand, the “tail” above ~250 K is
likely due to the thermal radiation at high temperatures. Similar
to the specific heat, no apparent anomaly is observed at Tg;—»,
suggesting little entropy removal. What is remarkable is the low
thermal conductivity in the entire temperature range for a solid,
with the maximum ~1.7 W/K m. There are several possible
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FIG. 3. (a) Temperature dependence of the specific heat (C,). Inset: derivative of C, near Tg_»; (b) Low-temperature C,
with the fitting curve using Eq. (3). Both Cp, and Cy,, are calculated. (c) Temperature dependence of thermal conductivity (k).
(d) Low-temperature « plotted as a function of T7%/2¢=4»/T  The solid line is the fitting line (see text).

origins for such a low thermal conductivity: (1) geometric
frustration due to the spinel structure as reflected by the high
Debye temperature, (2) scattering by disorder as discussed
above with both Mn and Fe partially occupying the A and B
sites, and (3) magnon-phonon scattering [36,37].

We now focus on the low-temperature behavior of k. Since it
is an insulator, we can write k as a sum of phonon contribution
kph and magnetic contribution kg, both solely depending on
the specific heat at low temperatures [38,39]. Given that Eq. (3)
describes well our low-temperature specific heat, one would
expect two contributions to « as well. Figure 3(d) displays «(7)
plotted as « versus T32¢~%»/T between 2 and 35 K using the
A,, value obtained from specific heat. Below 20 K, « clearly
shows a linear dependence with 732¢~4»/T asillustrated by the
red linear fitting line. This indicates that the low-temperature
k is proportional to Cp,g, without any sign of the contribution
from phonons.

The low thermal conductivity makes crystalline FeMn,O4
promising for applications, such as thermoelectrics. The tem-
perature dependence of Seebeck coefficient (S) of FeMn,Oj is
shown in Fig. 4(a). While it is negligible at temperatures below

250 K, the magnitude of negative thermopower increases with
increasing temperature, reaching the maximum at the onset of
ferrimagnetic transition. The negative thermopower indicates
that heat is mainly carried via electrons (n type). The downturn
of S at T indicates the effect of magnetic transition, which
likely changes the electronic structure [40].

Large thermopower and small thermal conductivity are de-
sired properties for thermoelectrics. Unfortunately, the electri-
cal resistivity (p) of FeMn; Oy is too high, and it only becomes
measurable above room temperature. Figure 4(b) shows the
temperature dependence of p between 300 and 400 K, which
decreases exponentially with increasing temperature. With the
application of a magnetic field, a negative magnetoresistance
is seen, consistent with the ferrimagnetism. The temperature
dependence of p can be modeled by the Arrhenius equation,

p(T) = p(0)e s, “

where A is the activation energy. Our experimental data fit
quite well with Eq. (4) as shown in Fig. 4(b). From the fit, we
obtain A ~ (.88 eV at zero field.
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While it increases with increasing temperature (not shown),
the figure of merit ZT = S*T/kp is very low, reaching
~4 x 1078 at 400 K. As mentioned previously, this is due
to high resistivity. According to first-principles calculations,
FeMn,0;, is expected to be half-metallic [5]. Whether this
is true requires further study, as it is related to the degree
of inversion in spinel materials [5]. One way to improve the
thermoelectric properties of FeMn, Oy is to introduce chemical
doping for suppressing magnetic interaction and increasing
the concentration of charge carriers so as to further decrease
thermal conductivity and electrical resistivity. Of course, this
requires the retention of the spinel structure.

IV. SUMMARY

In summary, we have investigated the structural, magnetic,
thermal, and electrical properties of single-crystal FeMn, O, in

a wide temperature range. Three phase transitions are identi-
fied. One is the structural transition at 7y ~ 595 K from cubic
at high temperatures to tetragonal (also called pseudocubic) at
low temperatures through neutron powder diffraction measure-
ment. The other two are magnetic transitions at Tg;—; ~ 373 K
and Tp—» ~ 50K, respectively. Due to negative asymptotic
Curie temperature extracted above Tg;—; and magnetic hystere-
sis loops below Tgy_1, the transition at 7py— is considered as a
ferrimagnetic magnetic ordering with anomaly reflected in the
magnetization, specific heat, and thermopower. The reduction
of the magnetization and wider hysteresis loops indicates the
spin rearrangement below Tg—,. However, no anomaly is
clearly seen in both thermal conductivity and specific heat,
suggesting little entropy removal for the low-temperature spin
configuration. Remarkably, the low-temperature specific heat
and thermal conductivity are mostly carried by magnetic
excitation, giving rise to T3?e~4»/T dependence. This strongly
suggests that phonons in this crystalline system conduct little
heat, particularly at low temperatures. This characteristic is
promising for thermoelectric application. However, much bet-
ter electrical conduction is required, as it is currently insulating
with an energy gap of 0.88 eV.
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