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Abstract

Single crystals of MgMn,Si (x = 0, 0.1, 0.2, 0.3, and 0.4) were prepared usimgriacal Bridgman method.
The formation of desired materials was confirmeéhgissingle-crystal and powder X-ray diffraction. é'h
thermoelectric and magnetic properties were ingagtid for various Mn contents in the temperaturegea
between 2 and 300 K and in magnetic fields up tk@@. For varioux values, Mg,Mn,Si with x = 0.2
possesses the highest figure of merit. The expatmheesults revealed that the substitutional Monat exhibit
mixed valences of +3 (majority) and +2, giving rise dramatic changes of carrier density and magneti
interaction. At the same time, the Seebeck coefiicand magnetic susceptibility show a sudden changhe
same temperature. These results imply that themibwdectric properties are correlated with the mggne

properties in the MgMn,Si crystals.
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1. Introduction

The thermoelectric efficiency is estimated by thgife of merit,ZT, defined byZT = (Sa/x)T,
whereSis the Seebeck coefficiernt,is the electrical conductivity, is the thermal conductivity, arid
is the absolute temperature. For high performamdhesmoelectric materials, it is important to have
high Seebeck coefficient, high electrical conduttivand low thermal conductivity at desired
temperature range. However, it is difficult to asl@ the above conditions simultaneously because
these physical parameters are competing with eatter.oln commercial applications, the
thermoelectric materials can be divided into thgeeups, depending on the temperature range of
operation[1-5] one is near-room-temperature region baseBieie alloys, the other is intermediate-
temperature region from 500 to 900 K based on Plal®gs, and another is high-temperature region

above 900 K based on silicide alloys.

Mg,Si is well known as a semiconductor with an indirédand gap of 0.78 eV and a
thermoelectric material with high energy conversgfficiency at high temperatures [6-12]. This
material satisfies the requirement for commerdig@rinoelectric applications being environmental-
friendly, and the elements are composed of lightafagabundant in the earth and cost effective. The
Seebeck coefficient of pure Mg reaches up t& = -500 /K but only ZT = 0.1 [10,13], and
thereby there have been many efforts to improvethibemoelectric properties with proper dopants
into Mg,Si. Appropriate doping enhances the thermoelepgrformance because the impurity states
strongly influences the electronic transport préiper Most of studies have been focused on
polycrystalline MgSi samples prepared by spark plasma sinteringh@,pressing [7], and solid
solution [8]. Doping elements used for improvingnmoelectric performance in Mg are Al, Bi, Sb,

Pb, and Ge [6-11]. In comparison with the polyailste samples, there have been a few reports on
single crystals of Mgpi series. Recently, Akasaktal. have reported that th&l values are 0.65 at
840 K and 0.1 at 566 K for Bi- and Ag-doped J8gsingle crystals, respectively, synthesized lgy th
vertical Bridgman growth method [12]. The Bridgmaethod is useful to prevent the evaporation of

Mg near the melting point of M§i.



While the thermoelectric performance can be sigaiftly improved with proper dopants, the
thermoelectric properties at low temperatures ewepure MgSi crystals have not been carefully
reported so far. In this study, we focus on theaalation between the magnetic and thermoelectric
properties by Mn substitution in M8i, which is more efficient at lower temperature tisat the low-
temperature studies with single crystals are ingmartThe Mn atoms in MgMn,Si have five 3d
electrons, which are magnetic in nature. In theg@nscheme, the half-filled 3d bands can not only
affect the density of states at the Fermi levelictvlyoverns the electrical properties, but alsgea
the spin states, which may be energetically moverfble. The main aim in this study is to find a
correlation between the thermoelectric and magrn@tperties by magnetic impurity doping at low
temperatures. With increasing the Mn compositiasthbelectrical conductivity and magnetization
data are monotonically enhanced. It can be exglaiiyean enhancement in the density of states, as
the band overlap increases. Furthermore, we obsesuelden slope change in the Seebeck coefficient
curve around 85 K, where the magnetic susceptitslitows a broad peak. This result proposes that
the thermoelectric properties can be correlateth Wie magnetic properties via magnetic impurity

doped bands.
2. Experimental procedure

Single crystals of MgMn,Si (x =0, 0.1, 0.2, 0.3, 0.4) were grown by verticaldBman method.
The starting elements of bulk Mg (99.9%), gran@a(99.999%), and bulk Mn (99.9%) were put into
a Mo crucible with the stoichiometric amounts anel ¢rucible was sealed by using arc melting under

Ar atmosphere. Then, the crucible was heated up®0°C for two days in a high-vacuum (2.0 x°10

Torr) Bridgman chamber with tungsten heater, and watedadown to room temperature over one
week as rotating at 5 rpm.

The crystal structure was analyzed by X-ray diffiacusing a Rigaku DMAX 2500 diffractometer
with CuKa radiation @ = 1.5406 A). The grown crystals were well cleawst were cut into
approximately 3 x 3 x 7 mtrectangular bar samples for the thermal and eleictrtransport

measurements. Seebeck coefficient and thermal ctiniiy measurements were performed with a
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thermoelectric option in a Quantum Design physjmadperty measurement system (PPMS). The
Seebeck coefficient, thermal conductivity, and tieal conductivity were measured by conventional
four-probe method, using silver paint or epoxy fbe electrical contact. The error of each
measurement was within 2%. The electronic transpooperties were measured in a Gifford-
McMahon (GM) refrigerator, and the magnetic projesrtwere measured in a superconducting
guantum measurement system-vibrating sample mageéto (SQUID-VSM). The magnetic field

was applied along the cleaved surface of the dsysta
3. Results and discussion

Figs 1(a) and (b) show the single-crystal and pawteay diffraction (XRD) patterns of Mg
Mn,Si (x =0, 0.1, 0.2, 0.3, and 0.4) samples. The singlstal XRD data were taken from a shiny
and flat surface. The single-crystal diffractiorakg are well labeled with the (111) indices of the

face-centered-cubic (fcc) Cafype structure, where Si atoms occupy the coraatsface-centered
positions of the unit cell and Mg atoms occupy eitglrahedral site{i%,i%,i%}a% The high

intensity of (111) peaks is known to stem from aaghge characteristic of the anti-fluorite type
structure of MgSi [14]. In order to check the existence of secongédnases, we measured powder
XRD patterns, which were obtained by grinding thgle crystals. As shown in Fig. 1(b), the peak
intensity of (111) is reduced and the (220) peaknisanced. This result is consistent with the jreyi
report that the area of the (111) plane decreasesadsmaller grains [14]. The main diffraction kea
are indexed with the reported structure of,Big12], but a small amount of impurity phasesiags
from Mo,Si, is detected aroundé2= 43. The peak position of impurity phases is marketh&irows
and the peak intensity of impurity phases is adlsmsa3%. The Mo-related impurity comes from the
contamination of Mo crucible during the fabricatiprocesses. Except those Mo-related impurity
peaks, all the peak positions shift to higher anghés indicates that the lattice parameter dee®as
with increasing the Mn substitution. The obtainatlite parameter ia = 6.374 A forx = 0, then
monotonically decreases wikhreachinga = 6.359 A forx = 0.4, as listed in Table 1. It can be simply

explained by the smaller ionic size of fisubstituted for Mg [15], which will be discussed later.
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The temperature dependence of electrical conduci(iw) for Mg, Mn,Si (x = 0.1, 0.2, 0.3, 0.4) is
shown in Fig. 2(a). The electrical conductivity alatere taken on the shiny surface parallel to the
current direction. The electrical conductivity tertd decrease with increasingexcept forx = 0.2).
Above 85 K, the conductivity for x = 0.2 becomeghgr than others. The maximum conductivity is
obtained to be 117 S/cm at 180 Kxr= 0.2. The decrease of electrical conductivitynwitcan be
attributed to the Mn impurity scattering which reda the carrier mobility and/or the decrease of Mg
occupancy which leads to the decrease of carriesiye[16]. In order to check the respective
contribution, we performed the Hall measurementsdétermine the carrier density and carrier
mobility. The results are summarized in Table 1.tAé samples exhibit-type charge carriers. For
pure MgSi (x = 0), then-type carriers are well known to originate from foemation of positively
charged Mg ions at interstitial sites, regardldshe chemical composition in crystal growth [16)n
increasing Mn contents of the samples (excepixfer 0.2 at low temperature), thetype carrier
density increases and the carrier mobility decieasere significantly. This result indicates thag th
carrier mobility, not carrier density, governs thectrical conduction where the carrier transpsrt i
strongly affected by Mn impurities. In MgMn,Si materials, when both Mg and Mn ions have the
same valence state (2+), no significant changeanfer density can be expected. It may change the
concentration of Mg vacancy that is considered emjor defect in the material. The Mg vacancy, i.e.
the decrease of Mg occupancy, acts as an acceptedtice the electron carrier density because the
Fermi level moves from the bottom of conductiondaown into the band gap [14,17,18]. Thereby,
the electrical transport in MgVin,Si cannot be explained by considering the samenealstates of
Mn and Mg. For this reason, we construct differbht ionic state of Mi" (3d®). When Mr* is
substituted at the M{sites, electron carrier doping is significant th@nce the-type carrier density.
This scenario elucidates the increase of carriesitie with the increase in Mn content and well
agrees with the decrease of lattice parameter bedde ionic radius of Mhis smaller than that of
Mn?* [15]. These results support the presence of'Ms a major valence state of Mn. On the other
hand, the carrier mobility significantly decreaséth the increase of Mn content. There are at least

two strong candidates for the origin. One is the ikhpurity scattering, which reduces the carrier
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mobility. The other is more electron-electron sexdtig for higheix with larger carrier density.

The temperature dependence of Seebeck coefficgeior Mg,xMn,Si (x = 0.1, 0.2, 0.3, 0.4) is
shown in Fig. 2(b). Except the low temperature megforx = 0.1 (inset of Fig. 2(b)), all the samples
exhibit negative Seebeck coefficient. This refleetgpe charge carriers, which is consistent with the
result observed in the Hall measurements. Tkgpe characteristic of M&i is explained by
positively charged defect such as Mg at an inteaksite, that is Mgacting as a donor [16]. The
absolute value of Seebeck coefficient tends toedese with increasing (except forx = 0.1). This
tendency can be simply understood in a convenieyt where the Seebeck coefficient is inversely
proportional to the carrier density. As seen inl&dh the carrier density monotonically increasgs a
the Mn contents increase. In practice, the chafi@eebeck coefficient witk is attributed not only to
the carrier density but also to the differencehia tarrier mobility and band structure. Here itudto
be noted that the absolute value of Seebeck camffiappears to be the higheskat 0.2, where the
electrical conductivity is the highest. The Seebeakfficient reaches a maximum 175 /N/K at
300 K inx = 0.2. While the absolute values of Seebeck amefit are different for each sample, the
temperature dependence reveals a similar behawiorheating, the absolute Seebeck coefficient
simply increases for all the samples, which is picl behavior for a degenerate semiconductor
because the Fermi level moves away from the edgeratuction band [19]. In Fig. 2(b), the Seebeck
coefficient shows a small change in slope near B&/tich is almost in the temperature range of the
maximum structure of electrical conductivity. Altigh both Seebeck coefficient and Hall coefficient
are negative, a zoom on the low-temperature datx fo 0.1 reveals positive Seebeck coefficient
below 85 K (the inset of Fig. 2(b)). The positivgrsyields the presence pitype carriers in the low
temperature region fox = 0.1, where the electrical conductivity shows walden rise at low
temperature. This temperature dependence of batheSk coefficient and electrical conductivity is

probably due to the competition and/or coexistarfedectron and hole carriers.

The temperature dependence of thermal conduci{wjtjor Mg,,Mn,Si (x = 0.1, 0.2, 0.3, 0.4) is

shown in Fig. 2(c). The measured thermal condugtid composed of two different components:



electronic and phonon conductivitieg (@ndxy, respectively). In convenient, the electronic thar
conductivity can be estimated by the Wiedemann-£raation [10,12,20,21], from which the
obtainedxy values are almost two order of magnitude smallantthex values. Thereby, the,,
component has a dominant role in the temperatyverdience of total thermal conductivity. Although
the variation of thermal conductivity with differexis complicated, the temperature dependence for
all the samples shows similar behavior. With insiegq temperatures, the thermal conductivity
increases and then decreases above 85 K with Thdependence, which is the typical behavior at

high temperatures due to the strong phonon-phocattesing (i.e. Umklapp process) [22].

We calculate the figure of mef#iT = (Sa/x)T for Mg,,Mn,Si (x = 0.1, 0.2, 0.3, 0.4), which is
plotted in Fig. 2(d). Th&T values for all the samples monotonically increasethe temperature
increases, and thél values forx = 0.2 and 0.3 are much higher than thosexfer0.1 and 0.4. The
calculatedZT value reaches 0.004 at 300 K for the 0.2 sample. We may compare this value to
those obtained in other doped }8gsystems. For instance, M. Akasakal. reported a maximurdT
= 0.1 at room temperature for Bi-doped #8g which is much higher than ours because thegiodd
much higher electrical conductivity. It is usuahtithe electrical conductivity is sensitive to the
doping elements. Although the lower electrical agtiity in Mg,..Mn,Si gives rise to the lowetT,
we would point out that the Mn substitution into }8genormously changes the carrier density and
carrier mobility. This infers that th&T value may be improved if the carrier density armbifity is

optimized by the substitution contents and synthpsicess.

Mg.Si is a non-magnetic material, but it becomes magneénen Mn is substituted for Mg. The
Mn ion seems to be a source of magnetism in_ Ma,Si. We measured the magnetization as a
function of magnetic field and temperature for Mgn,Si (x = 0.1, 0.2, 0.3, 0.4), which was
performed with the external magnetic field appligarallel to the crystal plane. The results are
depicted in Fig. 3. As seen in Figs. 3(a) and 3¢, magnetization increases in magnitude with
increasing the Mn composition. The pure JMig(x = 0) exhibits diamagnetic property, while the

others show linear dependence at 300 K and S-shayreds at 50 K. The S-curves are observed



below 85 K, where the magnetization divided by nwignfield (M/H) in Figs. 3(c)-(f) displays a
broad peak. At first glance, the temperature depecel seems to be antiferromagnetic with a Néel
temperaturely = 85 K. Although there is a separation of zerddfieooled (ZFC) and field-cooled
(FC) data below 85 K, it is insufficient to insidtat Mg,Mn,Si is antiferromagnetic. Here, we
suggest the correlation between the magnetic aednthelectric properties in MgVIn,Si. Even
though we did not observe any appreciable chand#/lthfor the amount of Mn contents, a definite
change occurs for Mn substitution. The pure ,$Igshows no dependence of temperature and
magnetic field in the magnetic properties. Withra@asingx, the absolute value d¥/H increases,
demonstrating that Mn is well substituted for MdpeTresults can be explained by an enhancement in
the density of states by doping the magnetic im@sriof Mn. As aforementioned, the major valence
state of Mn ions is trivalent, which is substitutied Mg**, so that the overlap of Mn(3d) impurity
band with conduction band increases and the deokgiates at the Fermi level increases. Indeed, we
observed the increase mtype carrier density and the decrease in latteeupeter by substituting
Mn for Mg, since the substitutional Mhions act as electron dopants and the ionic rasfiddn®* is
larger than that of Mg, respectively. At the same time, the magnetizaticamatically increases,
suggesting that the magnetic interaction is drilsgnsubstituting Mn. When th®/H represents a
broad peak around 85 K, the Seebeck coefficienh@nged in slope at that temperature. This is the
evidence on the correlation between the magnetit tharmoelectric properties. In addition, this
temperature is close the temperature range whereldctrical conductivity shows a small maximum
and the thermal conductivity exhibits a peak strrest Thus, we can conclude that the electron
dopants created by the Mn substitution play an mamb role in both magnetic and thermoelectric

properties.

The low-temperature data can be interpreted on bthgis of magnetothermoelectric effect
observed in Bile; alloys [23]. They reported a crossover of the 8eklzoefficient fronp- to n-type
below 100 K, where the electrical transport displayusual nonmetallic temperature dependence.
Similar behavior is observed far= 0.1 in Mg..Mn,Si. There is a crossover regime in the Seebeck

coefficient fromn- to p-type below 85 K, and simultaneously the electricahductivity shows a
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change in slope. In order to clearly address theeabMn impurity band, we need to investigate more

experiments such as magnetic circular dichroismieldstic neutron scattering.
4. Conclusions

The electrical conductivity, Seebeck coefficiehigrmal conductivity, and magnetic moments of
Mg.Mn,Si alloys have been measured with single crystalslifferentx (= 0.1, 0.2, 0.3, 0.4) in the
temperature range between 2 and 300 K and in madiedts up to 70 kOe. Despite low figure of
merit ZT, we would emphasize that the electricalduactivity can be improved by the Mn substitution.
The substitutional Mn allows to dramatically notyoohange the carrier density and carrier mobility
but also induce the magnetic moment from nonmagmégpSi (x = 0) sample. The X-ray diffraction
and electrical transport data support the presehtén®" as a major valence state of Mn, which acts
as electron dopants and induces the magnetic atitena We observe a sudden slope change in the
Seebeck coefficient around 85 K, where the magaiitiza shows a broad peak. These results propose

the correlation between magnetic and thermoelegtaperties in Mg.Mn,Si.
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Table 1. Lattice constaiat carrier density, and carrier mobilitys measured at 300 K and 3
K in Mg2xMn,Si forx =0, 0.1, 0.2, 0.3, and 0.4.

300 K 3K
X a(R)
n@10’cm®  g(em?vs)  n (107 cnid) 1 (cm?/Vs)
0 6.374 7.41 376 8.53 491
0.1 6.366 12.4 282 10.2 461
0.2 6.362 21.0 256 0.678 1107
0.3 6.359 104 25.2 73.6 10.2
0.4 6.359 111 1.74 32.9 0.537
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closed and open circles represent zero-field-coql&eC) and field-cooled (FC) data,

respectively.
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Highlights

Single crystals of Mg,.\Mn,Si were prepared by using a vertical Bridgman method.
The thermoel ectric performance was improved as doping Mn into Mg,Si.
The magnetic properties were enhanced with Mn dopants.

The thermoel ectric and magnetic properties were strongly correlated in Mg, ,Mn,Si.



