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It was found that the Mnj; ¢9Bigs goFeg o consists of two phases, namely of a bismuth matrix and aBiMn inclusions. It is shown that
the samples have a crystalline texture. Independently on the applied field orientation, maximum on the temperature dependence of
magnetization is detected at 7,,,, ~ 85 K, which is associated with the reorientation transition of the magnetic moments of Mn for
aBiMn phase. In turn, the electrical resistivity p(7) also demonstrates maximum at 7,,,, ~ 58 K in a magnetic field of 800 kA/m when
H 1 I 1t is established that the maximum of p(7)increases and is shifted toward higher temperature 7,,,, =~ 94 K when field
increasing up to 2400 kA/m. At the same time no clear maximum on p(7)is observed for H || I. It is shown that the relative
magnetoresistance, Ap/py, is increased both with decreasing temperature and with increase of the magnetic field. The measured
enhancement reaches Ap/py = 250% for H || I and Ap/py= 2400% for H L I in magnetic field of 2400 kA/m. Thus, the strong
anisotropy of p(7) and Ap/pA 7) is established both for H# | I and H || I. Possible explanation of observed anomalous behavior of the
temperature dependences of the electrical resistivity in magnetic fields has been proposed.

KEYWORDS: huge anisotropic magnetoresistance, reorientation transition, electron and hole Fermi surfaces, MnBi alloys,
crystalline texture, bismuth
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Byno BcraHoBieHo, 1m0 Mnj; oBigs goFeg sy CKITamaeThes 3 1BOX (a3 — BUCMYTOBOI MaTpuIli Ta BKItoueHb oBiMn. Ilokazano, mo
3pa3sKy MarTh KPUCTAIIYHY TeKCTypy. Ha TemmepatypHiii 3aJ1eKHOCTI HAMAarHi4eHOCTI BUSABICHO MakCUMyM TipH T, = 85 K, sxuii
HE 3aJIeKUTh BiJ Opi€HTalil NPUKIAJCHOrO IMOJs i MOB'3aH 3 MEpeopiEHTALIHUM MEepPeX0J0M MAarHiTHUX MOMEHTiB Mn B ¢asi
aBiMn. B cBoro uepry, enekTpoomnip Takox JeMOHCTPUPY€E MakCUMyM npH 7, ~ 58 K B marautHoMy moni 800 kA/m, ko H L 1.
BcranogieHo, mo MakcumyM Ha p(T) 3pocTae i 3CyBa€eThCs 10 OB BUCOKOT TeMiiepaTypH 1, ~ 94 K, y Mipy 36ibIeHHS OIS 710
2400 xkA/M. Y Toi#t xe yac makcumyM Ha o(7) BincytHiit qns H || 1. TlokasaHo, mo BiIHOCHWH Marsitoomip Ap/p, 3poctae 3
TIOHIDKEHHSM TEMIIEPaTypH 1 3pOCTAHHSAM MarHitHoOro noist. Ap/py=~250% mnsa H || I ta Ap/py = 2400% nns H L I B maraiTHOMY
momi 2400 kA/M. TakuM 4MHOM, BCTaHOBJIEHa cHibHA aHi3oTpomis Ta Ap/pAT) mns H L I ta H || 1. 3anponoHOBaHO MOXKJIHBE
TIOSICHEHHSI CIIOCTEPE)XKYBAaHOT aHOMAJILHOT MOBEIIHKH TEMITEPaTypHOI 3aJIe)KHOCTI €JIEKTPOOIOpY B MarHiTHOMY IIOJII.

KJIIOYOBI CJIOBA: Benuue3Huii aHi30TPONHUH MAarHiToOIip, NMepeopieHTAliiHUIA Nepexij, eIeKTPOHHA i AipKoBa IOBEpPXHi
®epmi, MnBi critaBu, KpucraniyHa TEKCTypa, BicMyT
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Bbuo ycTaHOBIIEHO, YTO Mnj; 69Bigs goF€g s, COCTOMT M3 ABYX (a3 — BUCMYTOBOM MaTpuibl U BKmoueHuid oBiMn. ITokazaHo, uTto
00pa3mbl UMEIOT KPUCTAUTMYECKYI0 TeKCcTypy. Ha TemmepaTypHOH 3aBHCHMOCTH HaMarHHYEHHOCTH OOHApY>KeH MaKCUMyM IpH
Tnax = 85 K, KOTOPBIH HE 3aBUCUT OT OPHEHTAUH TPHIOKCHHOTO TIOJIS U CBSI3aH C MEPEOPHEHTAIIMOHHBIM IIEPEeX0I0M MarHUTHBIX
MoMeHTOB Mn B ¢aze aBiMn. B cBoro ouepenp, IeKTPOCONPOTHUBICHHE TaKKe AEMOHCTPHPYET MakCHUMyM mpH T, =~ 58 K B
marHuTHOM Tmone 800 kA/M, xorma H L I. YcraHOBieHO, 4To MakcmMyM Ha p(7) pacTeT W caBuraercs K Ooliee BBICOKON
temreparype 7, ~ 94 K, mo mepe yBenmuenus moinst 1o 2400 kA/m. B 1o xe Bpems, makcumyM Ha o(T) otcyrerByet st H || 1.
ITokazaHo, 9TO OTHOCHTEIBHOE MAarHUTOCONPOTHBIECHHE Ap/py PACTET C MOHIKEHUEM TEMIIEpaTypbl U POCTOM MarHHUTHOTO MOJIS.
Ap/py = 250% nns H | I u Ap/py = 2400% nns H L I B marantHOM Tone 2400 kA/M. Takum 06pa3oM, yCTaHOBIIEHA CHIIbHAS
annzorporust o(T) u Ap/pAT) nns H L I u H || I. TlpeanoxxeHo BO3MOXHOe 00bsSICHEHHE HAOII0AaeMOr0 aHOMAIBbHOTO MOBEACHHS
TeMIepaTypHOH 3aBHCHMOCTH 3JIEKTPOCONIPOTUBIICHUS] B MATHUTHOM IIOJIE.

K/IIOYEBBIE CJIOBA: orpoMHOe aHHM30TPOIHOE MAarHMTOCONPOTHBICHUE, NEPEOPUCHTALMOHHBIA IEpexXo[, 3JICKTPOHHAs U
neIpodHast noBepxHocTd ®epmu, MnBi cruraBsl, KpECTaIIHYECKask TEKCTYpa, BUCMYT

MnBi alloys occupy particular place among permanent magnets. First of all, this is due to the fact that the
elements that make up these composites are quite inexpensive compared to magnets that are made of rare-earth
materials. Secondly, Mn-Bi solid solutions have sufficiently large values of coercive force at room temperature, which
increases with a further increase in temperature. The temperature of transition to the ferromagnetic state in Mn-Bi solid
solutions is quite high T~ 640 K. It makes these materials rather attractive for their use as permanent magnets in high-
temperature applications [1, 2].

Despite a vast amount of works that are devoted to the study of the magnetic properties of MnBi alloys, the
investigation of their electric transport was almost never carried out. For the first time we revealed the presence of a
huge anisotropic magnetoresistance in MngBios g9Feq o1 [3].

The primary aim of the paper was to clarify the relationship between the magnetic properties and the features of
the temperature dependence of the electrical resistance in an external magnetic field in Mn; 69Bigs goF e ¢2.

This paper presents results of investigation of the temperature dependences of the electrical resistivity and the
magnetization of Mnj; ¢oBigs ¢oFeg ¢» in various magnetic fields.

SAMPLES AND MEASUREMENT TECHNIQUE

The samples were obtained by crystallization using the Bridgman method at a temperature of 630 K with a growth
rate of 1,5 mm/h. The synthesis has been performed in a horizontal tube furnace of the SUOL type. The quartz tubes of
16-18 mm long evacuated to the pressure P ~ 107 Pa were used as containers for the synthesis and growth. The
preparation of single-crystal or coarse-grained textured samples was possible with this growing method. The final
ingots were obtained in the form of cylinders. Rectangular samples of about 7x2x2 mm were cut out along of the base
of cylinder (conditionally perpendicular to the ¢ axis) for the electrical resistance measurements.

Testing of the grown samples was carried out by X-ray analysis on a DRON-3 diffractometer in CuK,, radiation
(A=1,54178 A) at room temperature. Observation of the microstructure was done using a scanning electron
microscope (SEM). A fully computerized setup on the bases of a physical properties measurement system (Quantum
Design PPMS-9T) utilizing the four-point probe technique was used to perform the electrical resistance measurements
with sufficient accuracy. Current and potential contacts were created by means of silver paste. Contact resistances
below 1Q were obtained. Resistivity was measured using alternating current (/ = 30 mA, /=17 Hz) flowing along the
largest sample dimension. Measurements were performed in a wide temperature range (300 + 4.2) K both without
magnetic field and in magnetic field applied perpendicularly and parallel to the measuring current. Magnetic
measurements were performed with the Quantum Design SQUID magnetometric system in a wide temperature range
(300 + 4.2) K. The magnetic field was generated with superconducting solenoid powered by a DC source operating in a
continuous regime.

RESULTS AND DISCUSSION
SEM studies
The quantitative elemental composition of the alloy set using the SEM is the following: 95.69 at% Bi, 3.69 at%
Mn and 0.62 at% Fe. Fig.l shows the microstructure of prepared BiMn alloy. Unfortunately, it is impossible to
distinguish clearly the different phases. However, taking into account the phase diagram [4], it can be assumed that the
main volume is occupied by Bi, in the matrix of which there are areas of the aBiMn phase.

X-ray studies
X-ray diffractograms of Mn; 49Bigs ¢9Feg ¢, alloy indicate the monophase and polycrystallinity of the sample. The
polycrystal has hexagonal lattice with parameters a = 4,558 A, ¢ = 11,885 A, #= 120° which are slightly higher than for
pure Bi (a = 4,54A, ¢ = 11,82 A). This allows us to say that the sample is a weak solution of Mn atoms in the Bi



14
EEJP Vol.4 No.4 2017 A.V. Terekhov, A.L. Solovjov...

hexagonal lattice. The presence in the diffraction patterns of reflection (202), which is absent in pure bismuth [5], most
likely indicates the presence of a small amount of the phase aBiMn. The possibility of this phase presence in this
concentration range follows from the equilibrium phase diagram [4]. The texturing of the samples was verified by a
parallel comparison of the X-ray diffraction patterns of a massive solid polycrystalline alloy and its powder. The X-ray
diffraction patterns of the solid and ground samples are shown in Fig. 2.

Flgl Microstructure of Mn3'69Bi95_69F60'52 alloy.

The X-ray diffraction patterns of solid and powder samples are qualitatively similar and they fairly well indicate
the hexagonal structure of the system. Fairly close values of the hexagonal lattice parameters a = 4,558 A, ¢ = 11,885 A,
S =120° and a = 4.5647 A, ¢ = 11.893 A, = 120° were obtained for the polycrystalline and powder samples,
respectively. Integral intensities of most diffraction lines are 20 to 70% higher for the powder than for the massive
sample. The intensity of the line (202) is almost 2.5 times higher for the powder than the corresponding reflection of the
massive alloy. The higher intensity of scattering by the powder is partially due to the removal of the microstresses
which exist in the massive sample. Anomalously large differences in the intensities of individual lines of powder and
massive samples may indicate the presence of a growth texture in the polycrystalline sample.
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Fig.2. X-ray diffraction patterns of polycrystalline and powder samples of the Mnj; 9Bigs goF e 6, alloy
Diffractograms were obtained at room temperature in CuKo radiation

Magnetization studies

The temperature dependencies of magnetization M(7) in the magnetic fields 320, 800 and 2400 kA/m are shown in
Fig. 3. Importantly, M vs T dependence measured at 320 kA/m have a maximum at 85 K. Earlier, the authors of [6]
investigated the magnetic properties of solid solutions with a larger content of aBiMn phase than we and found a
maximum on M(7) at a temperature of 90 K. They explained the presence of this anomaly by reorienting of the Mn
magnetic moments. It is found that the Mn atom changes its spin direction from a perpendicular to a parallel orientation
with respect to the c axis in the temperature range from 30 to 150 K. We think that this explanation is also acceptable in
our case.

Apparently, the reorientation transition of the magnetic moments of Mn disappears in fields above 2400 kA/m. As
a result, the M(T) dependence in a field of 2400 kA/m approaches a typical ferromagnetic one.
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It is seen in the figure, that M(T) dependencies measured in the directions H || ¢ (open symbols) and H | ¢ (closed
symbols) are the same. According to [2], M vs T dependencies measured in different directions for single crystals of
BiMn are different. The similarity of the M(T) curves observed in our case can be attributed to the polycrystallinity of
our sample. The areas with the aBiMn phase can be crystallographically disordered in the textured Bi matrix. Although
the content of the aBiMn phase is quantitatively lower (<10%) in comparison with Bi, its magnetic properties are
believed to predominate over Bi, which is a strong diamagnet [7].
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4 1 1 1 1 1
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Fig. 3. M(T) dependencies of Mnj; ¢oBigs ¢oFey 6o measured in two directions (o, m, A — H || ¢, and 0, 0, A - H | ¢) in magnetic fields
320 kA/m (®,0), 800 kA/m (m,0) and 2400 kA/m ( A ,A).

Electrical resistivity studies

Curves of p(T) measured in the absence of magnetic field (symbols - 4) and in magnetic fields of 800 kA/m
(symbols - m, 0) and 2400 kA/m (symbols - A, A) in two directions H || I and H L I are shown in figure 4. The
dependences of p(T) measured in both directions in the absence of magnetic field behave similarly to those for pure
bismuth [8-10] namely, with decreasing temperature, the resistivity decreases and there are no singularities on the
curve. In Refs. [8, 10] it was shown that small additions of impurity atoms to bismuth may cause the appearance of
anomalies on p(7), such as maxima, or semiconductor dependence. In our samples it is not the case, suggesting
conclusion that in the absence of magnetic field the main contribution to the conductivity is made by the bismuth phase.

0 100 200 300

Fig. 4. p(T) dependencies for Mn; 59Bigs goFeg s, measured for two directions (0, A — H || I, and m, A - H | I) in magnetic fields 800
kA/m (m,0) and 2400 kA/m (A ,A). The p(T) dependences measured in zero magnetic field are denoted by (@).
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Switching on the magnetic field leads to a change in the form of the p(7) dependences, and the magnitude of the
electrical resistance increases substantially (Fig. 4). For H || I the electrical resistivity decreases with decreasing
temperature (Fig.4a). The rate of the decrease noticeably increases below 100 K. For H L I the p(T) dependencies have
completely different form (Fig.4b). The electrical resistivity increases with decreasing temperature, and reaches a
maximum at 7,,,, = 58 K and = 94 K in the fields of 800 and 2400 kA/m, respectively. Then p(7T) decreases down to
helium temperatures. Accordingly, p 1 1(300 K)/ p 5 7(300 K) = 1.1 and =1.4 for fields of 800 kA/m and 2400 kA/m,
respectively, whereas py 1 (5 K)/ p g1 (5 K) = 5.4 and = 7 for the same fields values. These relationships indicate
that the anisotropic properties of our samples increase with decreasing temperature.

The behavior of p(T) in magnetic fields differs from that observed earlier in pure bismuth [11-13]. According to
[11-13], the electrical resistivity in magnetic field increases with decreasing temperature down to helium temperatures.
Revealed in our experiment the anomalous behavior of p(7) in magnetic field can be due to both a change in the
magnetic properties of the aBiMn phase below 100 K and the effect of magnetization on the electronic structure (the
Fermi surface) of the bismuth phase.

Dependencies of the relative magnetoresistance Ap/py= [((o(H) - p(H=0))/ p(H))]x100% on temperature for
H || I and H L I are shown in Fig. 5. In both cases the magnetoresistance increases with decreasing temperature
(positive magnetoresistance) and goes to saturation below 100 K. The saturation temperature Ty, increases with
increasing magnetic field and it is higher for the configuration H || I (7}, =~ 45 K and T, = 62 K for fields of 800 kA/m
and 2400 kA/m, respectively) than for H L I (T, = 21 K and Ty, = 50 K for the same fields). In different magnetic
fields curves Ap/p(T) are parallel for H || I and not parallel for H 1 I. 1t is interesting to note that in magnetic field of
2400 kA/m Ap/py= 250% for H || I and Ap/py= 2400% for H L I. Difference in the p(T) and 4p/p«T) the behavior, as
well as different 7;,, and Ap/pyvalues for H || I and H L I indicate a strong anisotropy of the magnetotransport
properties in our sample. We also have to note that the magnetoresistance of pure bismuth increases up to helium
temperatures [11-13] and its magnitude is several orders higher than in our case.
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Fig. 5. The Ap/p/ T) curves in Mnj; gBigs goFeg ¢, for two orientations of the field (0, A —H || I,and m, A - H L I') in magnetic
fields 800 kA/m (m,0) and 2400 kKA/m ( A ,A).

According to modern representations, bismuth has a rather complex band structure. The Fermi surface consists of
three highly elongated electron areas that are similar to ellipsoids and one hole ellipsoid of revolution [14, 15]. In order
of magnitude, the Fermi energy is a few hundredth electron volts. As a result, any external perturbations (temperature,
magnetic field, deformations, etc.) can easily affect the degree of overlapping of the electron and hole areas and, as a
consequence, on the kinetic properties (the electrical conductivity in our case).

The superposition of electron and hole Fermi surfaces on each other leads to a metal-dielectric transition, and
intermediate states are also possible. In Ref. [16 ] it is shown that phenomena similar to magnetic breakdown (quantum
tunneling of charge carriers in a magnetic field between different energy bands) can be observed in bismuth even in
relatively small fields (up to 2400 kA/m) in measurements along the selected directions.

Change in the angle of inclination of the magnetic field relatively to the crystallographic directions of Bi as well as
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the change in the magnetization of aBiMn phase in our case can lead to a change in the shape of the Fermi surface and
the degree of overlapping between the electron and hole regions. This can lead both to the deviation of the behavior of
the electrical resistivity with respect to pure bismuth, and the appearance of a strong anisotropy of the temperature
dependences of both, electric and magnetoresistance.

In conclusion, we note that in the near future it is planned to study the magnetic field dependences of the electrical
resistivity and magnetization of Mn; Bigs soFeg 4, at different temperatures, which will allow us to explain in more
detail the behavior of the electrical resistivity in magnetic field.

CONCLUSIONS

1. It was found that studied Bi-Mn solid solution has a composition of 95.69 at.% Bi, 3.69 at.% Mn and 0.62 at%
Fe, and includes two phases, namely a bismuth matrix with aBiMn inclusions. It is shown that the sample has a
crystalline texture.

2. The revealed maximum at 7,,,, =~ 85 K on the temperature dependences of the magnetization is associated with
the reorientation transition of the magnetic moments of Mn which occurs in the aBiMn phase and disappears in fields
above 2400 kA/m.

3. It is shown that the main contribution to the electrical conductivity of our sample is contributed by the bismuth
phase.

4. Tt is established that the o 7) dependence in the magnetic field differs radically from that observed in the
absence of magnetic field. For H L I p(T) increases with decreasing temperature, and reaches a maximum at 7, =
58 K when field is 800 kA/m, and is shifted to higher temperature 7,,,, ~ 94 K with increasing field up to 2400 kA/m. At
the same time no clear maximum on p( 7) is observed for H || 1.

5. It is shown that the magnetoresistance is positive in the entire temperature range from 300 K down to 4.2 K
and noticeably increases with decreasing temperature but goes to saturation below 100 K. The measured
magnetoresistances is 4p/py= 250% for H || I and Ap/py= 2400% for H L I in a magnetic field of 2400 kA/m.

6. All results suggest a strong anisotropy of p(7) and Ap/p/ T) observed for different field orientation, namely
forH 1l Tand H| I

7. It is suggested that the anomalous behavior of the electrical resistivity in a magnetic field with respect to pure
bismuth can be related to change in the shape of the Fermi surface and the degree of overlapping between its electron
and hole regions. It is likely possible because of the change in the magnetization of aBiMn phase, which is believed to
depend on magnetic field magnitude and its orientation.
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