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Abstract The binary manganese–rhodium (Mn–Rh) phase

diagram was reinvestigated from 5 to 90 at.% Rh with

focus on determining the transition temperature between

the ordered c0-Mn3Rh and the c-Mn phase as well as the

transition temperature between of the tetragonal and cubic

MnRh phase and phase boundaries, applying XRD, DTA

and SEM including EDX. A reassessment of the Mn–Rh

phase diagram based on obtained and literature data is

given. Furthermore, the phase equilibria of the ternary

bismuth–manganese–rhodium (Bi–Mn–Rh) system were

experimentally investigated, focusing on the possible

existence of new ferromagnetic phases. Isothermal sections

at 330 �C and 600 �C were studied applying powder XRD

and EDX. The corresponding phase diagram was estab-

lished based on these results. No additional ferromagnetic

phase was found in the ternary system.

Keywords Phase diagram � Mn–Rh system � Mn–Bi–Rh

system � ternary alloy system

1 Introduction

In the near future an increasing demand for rare earth

elements (REEs), particularly for the production of effi-

cient permanent magnets, will be a major factor for both

cost and availability of these elements. Thus, an intensive

search for REEs free ferromagnetic materials has taken

place since several decades. A comprehensive review on

potential compounds was published by Kramer et al.[1]

The low temperature modification a-BiMn is, among

other Mn-based compounds, a possible candidate for REE

free ferromagnetic materials. The a-BiMn phase crystal-

lizes in the hexagonal NiAs type structure (space group

P63/mmc) and is stable up to 355 ± 2 �C, where it

decomposes in a peritectic reaction into a Bi-rich liquid

and the high-temperature non-ferromagnetic b-BiMn

modification, Marker et al.[2] Despite several decades of

intensive research[2–6] it has not been achieved to synthe-

size the intermetallic a-BiMn phase as a single-phase bulk

material without impurities. A possible approach to cir-

cumvent the syntheses difficulties comprises the addition

of a third component to stabilize the ferromagnetic phase.

Such a component can be a transition metal e.g. Ni and Rh

or a metalloid like Sb that forms intermetallic phases with

Bi or Mn respectively, which are iso-typic to a-BiMn.[7–9]

Lee et al.[10] reported that Rh stabilizes the non-ferro-

magnetic high-temperature b-BiMn modification to lower

temperatures (between 324 and 329 �C) while Taufour

et al.[11] described a ferromagnetic compound of

BiMn1.05Rh0.02 (space group Fdd2; Curie temperature:

143 �C). Suits[12] discovered ferromagnetism in Bi substi-

tuted cubic b-MnRh (composition BixMn1-xRh; Curie

temperature: - 88 �C) and ternary phases were found by

Street et al.[13] (Bi4Mn5Rh2, ferromagnetic) and Kainz-

bauer et al.[14] (Bi18Mn5Rh6, Bi3MnRh non ferromagnetic).

Based on these observations, a systematic study of the

entire ternary Bi–Mn–Rh system at 330 �C (where binary

a-BiMn is stable) and 600 �C (where an equilibration of

Bi-poor composition appeared to be possible) was con-

sidered to be of interest, which might reveal the existence
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of additional intermetallic phases, comprising ferromag-

netic properties.

During this study, it turned out that the binary Mn-Rh

phase diagram is still not fully understood. The most recent

assessment[15] is mainly based on data obtained by Raub

and Mahler[16] from 1955. In particular, nothing is known

about the phase equilibria and transformation temperatures

of the two intermetallic phases c0-Mn3Rh and b-MnRh.

This fact triggered investigations on the c0-Mn3Rh phase

with focus on the determination of the transition tempera-

ture between the c0-Mn3Rh and c-Mn phase. A reassess-

ment of the binary phase diagram consisting of obtained

and available literature data is given here.

2 Literature Overview

2.1 The Binary Systems

Experimental phase diagram information on the two Bi

containing binary boundary systems was taken from own

published work and other literature. For the Bi-Rh system,

the revised phase diagram by Kainzbauer et al.[17] was used

as a basis, whereas the phase diagram compilation of

Massalski et al.[15] provided information on the Bi–Mn

system. The Mn-Rh phase diagram information is based on

the reassessment of the phase diagram given in the current

study.

The Bi–Mn phase diagram is accepted as shown in

Reference [15] however the crystal structure of the high-

temperature b-BiMn phase is disputed. The phase itself

decomposes peritectically at 446 �C into liquid and a-Mn,

it is formed in the reaction b-BiMn = a-BiMn ? a-Mn at

340 �C. The crystal structure was, based on high-temper-

ature neutron diffraction, originally described as hexagonal

and isotypic to Ni2In by Roberts[18] and Andresen et al.[19]

Later Chen[20] reported a large orthorhombic supercell

structure for a from 430 �C rapidly quenched BiMn1.08

composition. This observation is consistent with the result

of Andresen et al.,[19] who also investigated a rapidly

quenched sample. In another study,[21] the latter authors

proposed the orthorhombic structure with the space group

P2221 and lattice parameters of a = 4.332(2) Å,

b = 7.505(4) Å, c = 5.959(7) Å, which was later changed

to the space group Pmma.[22]

Information on the Mn-Rh system was also obtained

from the compilation in, Reference [15] which is mainly

based on evaluations by Raub and Mahler[16] and

Hellawell.[23] However, the available data were supple-

mented with a number of more recent data.

Raub and Mahler[16] established the complete phase

diagram by data generated from light microscopic and

powder x-ray diffraction (XRD) analyses but without any

thermoanalytic methods. The samples they used were

annealed between 550 and 1300 �C. The phase boundaries

are extrapolated from determination of lattice parameter as

a function of the concentrations. Hence, the phase bound-

aries are only estimated, in particular the boundaries of the

two-phase fields b-MnRh ? Rh solid solution and b-

MnRh ? c-Mn solid solution, respectively are rendered to

be to of considerable inaccuracy. Also, the solid phase

transition temperature between the ordered c0-Mn3Rh and

the c-Mn solid solution are not clear yet. Later studies

dealing with the phase transformation of MnRh from the

cubic CsCl to the ordered tetragonal CuAu(I) type structure

reported in Reference [24–26] and the work by Selte et al.,[27]

are not considered in compilation.[15]

Apart from a large number of computational studies on

the magnetic properties of the b-MnRh and the c0-Mn3Rh

phases (e.g. in Lit.[28,29]) and experimental investigations

by Yamauchi et al.,[30–33] there are no recent data on the

Mn-Rh binary system.

Massalski et al.[15] shows a temperature independent

phase field of the cubic MnRh phase between 35 and 55

at.% Rh. Selte et al.[27] determined the phase boundary of

cubic MnRh between 42 and 50 at.% Rh, by cell dimension

investigations. The authors did not specify their annealing

temperature, they only mentioned that the samples were

quenched to room temperature from temperatures between

500 and 950 �C. This is in good agreement with Kouvel

et al.,[25] who reported the exclusive existence of the cubic

MnRh phase in a quenched sample, containing 48.8 at.%

Rh and annealed at 1000 �C, 800 �C and 600 �C only

respectively. In contrast to the study of Raub and

Mahler,[16] where the authors explicitly pointed out that no

tetragonal distorted phase, known from other Mn—PGE

(platinum group elements) systems, could be found, Kou-

vel et al.[25] observed a martensitic transformation of

MnRh from the cubic to the tetragonal phase by cooling the

sample to about - 193 �C. This transformation was con-

firmed by Nakayama and Asanuma,[26] who showed by

DTA measurements, that the transition point between cubic

and the tetragonal phase has a large temperature hysteresis

and is decreasing with increasing Rh content. Selte et al.[27]

found the tetragonal phase stable between 36 ± 0.5 to

50 ± 1 at.% Rh at liquid N2 and He temperatures.

Depending on the sample preparation, the tetragonal phase

shows different homogeneity ranges. The existence of a

pure tetragonal phase was only observed in samples which

were slowly cooled down to room temperature.

There are also several discrepancies in the published

works concerning the two-phase field of the b-MnRh and

c0-Mn3Rh or c-Mn phases, respectively. In Reference [15] a

transition temperature from the c0-Mn3Rh to the c-Mn

phase at 520 �C is described in the range of 32 to 35 at.%

Rh. Again, these values are inherited from Raub and
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Mahler[16] where the origin of the transition temperature is

not clear and the borders to the single-phase fields are only

estimated. Selte et al.[27] interpolated the range of two

phase field, from investigations of the unit cell dimensions,

between 28 and 31 at.% Rh at room temperature. At liquid

N2 and He temperatures, the authors found the two phase

field between 32 and 36 at.% Rh.

Yamauchi et al.[32] investigated the lattice parameters

between 15 and 30 at.% Rh in ordered (annealed at 600 �C)

as well as disordered (no annealing temperature given)

samples, whereby they noted that there is no evident dif-

ference of lattice parameters between the ordered and

disordered alloys.

In their plots Yamauchi et al. showed, for a sample

containing 25 at.% Rh at 600 �C, a lattice parameter c of

3.812 Å[32] and 3.815 Å[33] respectively. Both are in good

agreement with the results of Krén et al.[34] who report a

c value of 3.813 Å for 700 �C. A graphical interpolation of

the temperature dependence of the lattice parameters for a

stoichiometric c0-Mn3Rh phase, measured between room

temperature and 826 �C,[30] exhibit a lattice parameter

c = 3.836 Å at 600 �C.

The Néel temperature of a stoichiometric c0-Mn3Rh

sample was identified by Neutron diffraction at

580 ± 10 �C,[34] whereas 560 �C and 580 �C were

observed for ordered Mn77Rh23 and Mn75Rh25 alloys in

DSC measurements.[30] In further studies Yamauchie et al.

denoted the Néel temperature for an ordered Mn80Rh20

alloy at 529 �C,[32] determined by magnetic susceptibility

measurements, and 568 �C for an ordered Mn75Rh25

alloy.[33]

A list of crystallographic data for relevant compounds is

given in Table 1.

2.2 Ternary Bi–Mn-Rh Phase

Except of the ternary phases mentioned in the introduction,

no information is available on the ternary Bi–Mn–Rh

system. Neither a calculated nor an experimental phase

diagram is published.

3 Experimental

3.1 Sample Preparation

Binary Mn-Rh and ternary Bi–Mn–Rh bulk samples were

prepared from pure elements Bi (99.999%, ASARCO, New

Jersey, USA), Mn (99.95%, Alfa Aesar, Johnson Matthey

Chemicals, Karlsruhe, Germany) and Rh powder (99.95%

ÖGUSSA, Austria). Bi and Mn metals, except for Rh

powder, were manually pulverized and sieved (grain

size\ 0.09 mm). Proper amounts of the powders were

mixed and pressed to pellets in a 5 mm pressing cylinder

under a load of 20-25 kN. To prevent the oxidation of Mn,

all samples were kept and manipulated in a glove box

(Labmaster SP MBraun, moisture and oxygen level below

0.1 ppm) under Ar atmosphere.

All ternary samples were annealed at 330 �C and some

those annealed at 600 �C were prepared as sintered pellets.

The pellets were sealed into evacuated silica glass tubes

(7.0-5.0 9 10-3 mbar) comprised a small alumina plate at

the bottom, and covered with a silica glass cover to reduce

the gas volume (annealing time of 4 months). After the

annealing process the samples were quenched in cold

water. Alternatively, the samples annealed at 600 �C were

prepared by placing the powder pellets into alumina cru-

cibles which were sealed into evacuated silica glass tubes

(7.0-5.0 9 10-3 mbar) and heated up to 1100 �C for

5 min, then cooled down to 600 �C within 30 min. All

heating and annealing processes were carried out in muffle

furnaces (Nabertherm, Germany) with a temperature

accuracy of approximately ± 10 �C depending on the

sample location.

Binary Mn-Rh samples were alloyed in an electric arc

furnace (Bühler MAM) on a water-cooled copper plate

under Ar, using Zr as getter material. Except for two

samples containing 34 and 40 at.% Rh, all annealing pro-

cesses of binary samples were carried with same procedure

as for ternary alloys. The latter samples were instead

slowly cooled to room temperature.

The manual pulverization of quenched binary samples

containing the c0-Mn3Rh or the cubic b-MnRh phase was

not possible due to their extreme toughness, necessitating a

file off followed by stress annealing. Before performing

XRD analysis, the filed powders were annealed for 24 h to

remove the internal stress. Samples containing the tetrag-

onal b-MnRh phase were manually pulverized in liquid N2

instead of filing.

Details of the annealing parameters are listed in Table 2.

3.2 Characterization

Metallographic investigations on polished samples were

performed with a scanning electron microscope (SEM)

(Zeiss Supra 55 VP) coupled with an energy-dispersive

X-ray spectroscopy (EDX). Backscattered electrons were

used to visualize the surface at 20 kV acceleration voltage.

The energy and intensity calibration of the EDX detector

was accomplished with pure elements of Co, Mn and a

Bi50Rh50 standard. To minimize statistical errors, the

average phase composition was obtained from at least eight

spots or area scans.

Thermal analyses were performed using a DSC 404F1

Pegasus (Netzsch, Selb, Germany), applying evacuated

silica glass crucibles (* 10-3 mbar) as sample containers.
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In order to prevent a reaction between sample and silica

glass, the crucibles were protected by a carbon layer on the

inside. The temperature program included two heating

cycles with a heating rate of 5 K/min up to 950 �C and an

equilibration step at the initial sample annealing tempera-

ture of 30 min.

Temperature measurements were performed with type S

(Pt/PtRh) thermocouples calibrated at the melting points of

Ag, Au, Bi and Sn. Invariant effects were evaluated from

the extrapolated peak onset, both on heating and cooling.

Second order transitions were evaluated from the peak

maximum on heating and from the peak onset on cooling.

Generally, the effects evaluated in the first heating run

were deemed most reliable.

Phase identification was performed at ambient condi-

tions by powder XRD on a Bruker D8 Advance Diffrac-

tometer in Bragg–Brentano pseudo-focusing geometry

(reflection setting), using Cu-Ka radiation and a LynxEye�

one-dimensional silicon strip detector (exposure time: 1 h

(binary) and 1-4 h (ternary)). A binary Mn-Rh sample (34

at.% Rh) was analyzed by high temperature XRD under

vacuum, using an Anton Paar XRK 900 reactor chamber on

a Bruker D8 Advance Diffractometer. For evaluation and

Rietveld refinement of all diffraction patterns the TOPAS�

4.2 software[35] was used.

4 Results and Discussion

A total of 27 ternary Bi–Mn–Rh and nine binary Mn-Rh

samples were prepared and investigated. The results of

XRD and EDX measurements (listed together with exper-

imental information in Table 2) were used to construct the

binary phase diagram and isothermal sections at 330 �C
and 600 �C respectively. DTA results of binary Mn-Rh

samples are summarized in Table 3. EDX area scans were

used to determine the composition of the matrix solidified

from the liquid during quenching, especially in the 600 �C
section, which has been denoted by ‘‘solidified liquid = L’’

in Table 2.

4.1 Binary Mn-Rh Phase Diagram

In Fig. 1 the partial Mn-Rh phase diagram up to 90 at.%

Rh, based on obtained as well as on literature

data[15,26,27,33] is presented. Figure 2 shows the lattice

parameter a of c0-Mn3Rh as a function of the Rh

Table 1 Crystal structure data of binary and ternary phases relevant for the present study

Phase Space

group

Structure

type

Lattice parameters (Å) deg (�) V (Å3) Ref.

a b c a b c

Bi R �3 mH hR2 4.546 (2) 4.546 (2) 11.859 (1) … … … 212.27 [36]

a-Mn I �4 3m a-Mn 8.911 … … … … … 707.59 [37]

Rh Fm �3 m Cu 3.8030 … … … … … 55.02 [38]

a-BiMn P63/mmc NiAs 4.285 (2) 4.285 (2) 6.113 (2) … … … 97.2 [20]

b-BiMn P2221 – 4.334 (2) 7.505 (4) 5.959 (7) … … … 193.82 [21]

BiRh P63/mmc NiAs 4.092 (2) 4.092 (2) 5.667 (5) … … … 82.17 [17]

Bi4Rh Ia �3 d Bi4Rh 14.930 (5) … … … … … 3327.9 [17]

a-Bi2Rh P21/c CoSb2 6.920 (2) 6.794 (1) 6.962 (2) … 117.73 (2) … 289.76 [17]

b-Bi2Rh P �1 – 6.738 (3) 7.024 (7) 7.060 (8) 104.81 (7) 100.70 (4) 105.77 (4) 298.7 [17]

MnRh (cubic) Pm �3 m CsCl 3.044 … … … … … 28.20 [25]

MnRh (tetragonal) P4/mmm CuAu 2.78 2.78 3.56 … … … 27.51 [25]

c0-Mn3Rh Pm �3 m AuCu3 3.813 … … … … … 55.43 [34]

Bi18Mn5Rh6 P42/mmm – 18.526 (3) … 4.1722 (1) … … … 1432.0 (6) [14]

Bi3MnRh Cmmm – 8.885 (3) 13.696 (6) 4.131 (1) … … … 502.7 (3) [14]

BiMn1.05Rh0.02 Fdd2 – 8.683 (3) 47.704 (8) 15.021 (3) … … … 6222 (3) [11]

BiMn1-xRhx Pmma – 5.959 (7) 4.334 (2) 7.505 (4) … … … 193.82 p.w.

Bi4Mn5Rh2 Fm �3 m – 12.31 … … … … … 1865.41 [13]

Bi0.2Mn0.8Rh (b-

MnRh(Bi))
Pm �3 m CsCl 3.110 … … … … … 30.08 [12]

p.w.: starting parameter for XRD refinement with Mn/Rh = 0.98/0.02 mixed occupancy of the Wyckoff position 2(d), according to Ref. [11] and
[21] (please refer to text)
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concentration compared with values from literature[16,31,34]

whereas a XRD pattern of a sample containing 15 at.% Rh

is given in Fig. 3 and the high temperature XRD patterns of

a sample with 34 at.% Rh in Fig. 4. A detailed discussion

of the assessed phase equilibria is given below.

4.2 Composition Range 0-17 at.% Rh

In the previously published diagram[15] the two phase field

of a-Mn and c0-Mn3Rh ranges from 1-13 at.% Rh at 400 �C
and 1-11 at.% Rh at 600 �C, however XRD data suggests

the coexistence of both phases in a sample containing 15

at.% Rh (annealed at 600 �C, Fig. 3). A graphical inter-

polation of the lattice parameter a of c0-Mn3Rh (Fig. 2) at

600 �C indicates the border of the two phase field (a-

Mn ? c0-Mn3Rh) at the c0-Mn3Rh phase at 16.7 at.% Rh.

The results are also different to a study of Yamauchi

et al.,[31] where the authors show XRD patterns of disor-

dered c-MnRh samples between 8 and 14 at.% Rh without

any a-Mn reflexes.

4.3 c0-Mn3Rh Phase

The obtained homogeneity range of the c0-Mn3Rh phase

differs from data reported in the literature,[15] and the

transition temperature from ordered c0-Mn3Rh phase to the

c-Mn solid solution also shows deviations between this

work and previous literature.

A graphical interpretation of the DTA values indicates a

maximum of the transition temperature around 940 �C
between 25 and 30 at.% Rh (Fig. 1). This is approximately

80 �C higher as reported.[15,16] Due to the better evalua-

bility of the cooling effects on the higher order transition,

only the cooling temperatures are given in Fig. 1 and

Table 3. Thermal effects between 560 �C (20 at.% Rh) and

590 �C (30 at.% Rh) observed in DTA measurements are

probably associated with a magnetic transition. Albeit this

DTA effects appear slightly higher than reported in Ref-

erences [33–36], the described correlation of increasing

Néel temperature with larger Rh concentrations is

confirmed.

The present results of the homogeneity range of the

ordered c0-Mn3Rh phase, which are based on lattice

parameter investigations, are also in significant contrast to

the reported values, particularly in Reference [15,16,27,30,32]

E. Raub and Mahler,[16] who annealed their samples at

Table 3 Summary of measured

thermal effects of selected

binary and ternary samples

Nominal composition (at.%) Heat treatment (d/�C) Thermal effects

Heating (�C) Cooling (�C)

Other Transition

Mn67Rh33 14/600 426, 509 338 871

Mn70Rh30 10/600 590a … 911

Mn75Rh25 10/600 587a … 920

Mn80Rh20 10/600 560a … 818

Bi50Mn48Rh2 21/330 260, 423 … …
aMagnetic transition

Fig. 1 Mn-Rh phase diagram according to the present results and

literature data.[15,26,27,33] Dashed lines are estimated; circle (s single

phase) and square (h two phase): nominal compositions of the

respective samples; inverted filled triangles (.): transition temper-

ature of ordered c0-Mn3Rh to c-Mn solid solution respectively

tetragonal to cubic MnRh phase; open (4) and open inverted (5)

triangles: temperature hysteresis at the transition from the tetragonal

to cubic MnRh structure[26]; filled circles: (d) magnetic transition

observe by DTA measurements; crosses (x): Néel temperature of

ordered alloys[33]; open squares (h): transition temperature from two

phase field (tetragonal ? cubic MnRh phase) to the single phase field

c0-Mn3Rh. Please refer to the text
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different temperatures, determined the homogeneity range

from 11 to 32 at.% Rh at 600 �C. Selte et al.[27] show the

Rhodium-rich composition limit at * 27 at.% Rh.

As described before, the evaluation of lattice parameter

a indicates that at 600 �C the phase boundaries are ranging

from 16.7 to more than 33 at.% Rh. The obtained lattice

parameters are in a good agreement with those given in

References [32–34], particularly at the stoichiometric

composition with a = 3.815(6) Å. The values by Yamauchi

et al.[32] are slightly lower, especially at lower Rh

concentrations.

4.4 Two Phase Field c0-Mn3Rh 1 b-MnRh

and the Tetragonal to Cubic MnRh Phase

Transition

The compilation[15] shows phase boundaries without tem-

perature dependence between 32 and 35 at.% Rh (c0-Mn3-

Rh respectively c-Mn ? b-MnRh). In contrast to this,

results of our sample with 33 at.% Rh, and data by Selte

et al.[27] indicate a meandering phase field with a spread

towards lower temperatures. XRD measurement of our

sample at 33 at.% Rh shows the exclusive existence of the

c0-Mn3Rh phase (lattice parameter a = 3.828(8) Å) at

600 �C. DTA analyses show in first and second heating’s

an endothermic effect at * 426 �C and the corresponding

cooling effect at * 338 �C. These effects are connected

with the entrance to the single cubic MnRh phase field

(heating) and the crystallisation of the tetragonal MnRh

(cooling).

The effect end at 509 �C represents probably the

entrance to the c0-Mn3Rh single-phase field. The transition

to the c-Mn phase appears at 871 �C. These data suggest

that the two-phase field between MnRh and c’-Mn3Rh (c-

Mn) is shifted to higher Rh contents at higher temperature.

In study,[27] the range of the two-phase field at room

temperature is reported between 28 and 31 at.% Rh with a

trend towards a broader field at lower temperatures. These

values are accepted in our phase diagram shown in Fig. 1.

A sample with 40 at.% Rh, annealed at 320 �C slowly

cooled down to room temperature and manually pulverized

in liquid N2, contains only the tetragonal MnRh phase with

a lattice parameters of a = 2.770(2) Å, c = 3.631(5) Å,

V = 27.855(5) A3. These values are in a good agreement to

data reported by Selte et al.,[27] who show in their fig-

ures lattice parameters a = 2.768 Å, c = 3.633 Å,

V = 27.83 A3, of a sample quenched from over 500 �C. A

further sample, containing 34 at.% Rh annealed for 21 days

at 320 �C slowly cooled down to room temperature and

manually pulverized in liquid N2, was subjected to a high

temperature XRD measurement for a better understanding

of the phase transition between the tetragonal and the cubic

MnRh phase. After manual pulverization in liquid N2 the

powder was stress annealed for 24 h at 320 �C. Unex-

pectedly, the cubic MnRh phase was exclusively found and

no tetragonal MnRh phase was present at this temperature

(Fig. 4; bottom). This suggests, that at 34 at.% Rh and

320 �C the sample is situated in the cubic MnRh single

phase field. The high temperature XRD measurement was

carried out with not stress-annealed powder (Fig. 4 (top)),

leading to very wide reflections. This complicates

Fig. 2 Lattice parameter a in

c0-Mn3Rh as a function of the

Rh concentration. The dashed

line indicates the proposed

phase boundary at 600 �C
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Fig. 3 Powder XRD pattern of the sample Mn85Rh15 (annealed and

stress annealed at 600 �C), measured at ambient conditions. The

pattern contains the two phases c0-Mn3Rh, a-Mn and contaminants of

the diamond file. The experimental pattern (above), the calculated

pattern of the c’-Mn3Rh phase and a-Mn middle and the difference

curve (bottom) are shown. Miller indices are given for the first a-Mn

reflexes

Fig. 4 Powder XRD pattern of a sample with 34 at.% Rh slowly

cooled down from 320 �C, measured at different temperatures (top)

and 24 h stress annealed at 320 �C, measured at ambient conditions

(bottom). The dashed lines show the calculated XRD reflexes cubic

MnRh; Rh, tetragonal MnRh (150 �C) and MnO (375 �C). The

refinement is based on the structures given by Ref. [25,38,39] Values in

brackets are Miller indices
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distinguishing the (011) main reflex of the tetragonal

MnRh phase and the (111) Rh reflex, arising of not reacted

base material, appearing around 40.8 2h�. The same situ-

ation also applies with the (110) tetragonal MnRh phase

and (002) Rh reflex around 47 2h� at 150 �C. Nevertheless

it can be clearly seen that the (011) main reflex of the cubic

MnRh phase at 41.6 2h� firstly appears at 175 �C. At

325 �C also the (001) 29.8 2h� and (002) 60.3 2h� cubic

MnRh reflexes are identifiable. Towards the 400 �C mea-

surement, the (011) and more cognizable the (110) reflexes

of the tetragonal MnRh are still existent at 375 �C. These

tetragonal MnRh reflexes disappear completely at 400 �C
and only the cubic MnRh reflexes can be identified. The

MnO reflexes appearing at 375 �C are due to leakage

problems of the reaction camber.

The observations are in good agreement with the DTA

data. The first emerging of the cubic MnRh reflexes and the

slow disappearing of tetragonal MnRh above temperature

of 300 �C confirms the big hysteresis reported in Reference
[26] suggesting slow kinetics of the phase transformation.

We conclude, that cubic MnRh is formed between 150 and

175 �C in our sample and that the presence of tetragonal

MnRh above 320 �C is due to kinetic effects and does not

represent the equilibrium. The phase boundaries of cubic

and tetragonal MnRh are drawn dashed in this region,

reflecting the rather high uncertainty in this area.

4.5 Two Phase Field MnRh 1 Rh

A sample containing 60 at.% Rh (annealed at 600 �C)

shows both phases, Rh (a = 3.806(3) Å) and cubic MnRh

(a = 3.043(7) Å) in equilibrium. These values are in very

good agreement with literature,[16] wherein a = 3.808 Å

(Rh) and a = 3.040 Å (cubic MnRh) were reported for the

same sample composition, although the sample was

annealed at 800 �C. The cubic MnRh lattice parameter

matches also perfect with values given in Reference [27]

where a constant a value of 3.043 Å for sample between 50

and 56 at.% Rh is reported.

EDX results of the latter sample revealed a composition

of the cubic MnRh phase of 51.2 at.% Rh, and a solubility

of 25.4 at.% Mn in Rh. It can be derived that the two phase

field ranges from * 51 to * 75 at.% Rh at 600 �C, which

is also in perfect agreement with the phase boundaries

reported by References [16] and [27].

4.6 The BiMn12xRhx Phase

Concomitant with the disputation of the crystal structure

(see Chap. 2.1.) of b-BiMn, also the crystal structure of Rh

stabilised b-BiMn is not fully understood. There are two

models: BiMn1.05Rh0.02
[11] and BiMn1.1-xRhx

[10] with

x = 0.02 on the octahedral side.

A careful refinement of XRD power patterns of samples

annealed and quenched from 330 �C (see e.g. Fig. 5),

showed that the model BiMn1.05Rh0.02 fitted better than the

BiMn1.1-xRhx model. In all samples annealed at 600 �C
and quenched, however, the BiMn1.1-xRhx model leads to

a better refinement. The latter phase, however, is formed

from the liquid on quenching. Therefore, the refinement of

XRD pattern from all 600 �C samples in this study was

started by applying the setting of b-BiMn given in Refer-

ence [22], with a mixed occupancy of the Wyckoff position

2(d) from Mn/Rh = 0.98/0.02. This phase is hereinafter

denoted as BiMn1-xRhx (Tables 1 and 2).

Albeit their massy appearance combined with the mor-

phology of a sharp-edged and elongated habitus of several

lm (Fig. 9(a); Bi64.8Mn30.2Rh5) in several ternary 600 �C

Fig. 5 Powder XRD pattern of the sample Bi65.0Mn29.9Rh5.1 (an-

nealed at 330 �C, measured at ambient conditions). The pattern

contains Bi, c0-Mn3Rh and BiMn1.05Rh0.02. The experimental pattern

(above, black), the calculated pattern of the phases BiMn1.05Rh0.02
[11]

(magenta middle) and BiMn1-xRhx (dark blue bottom) [p.w.] are

shown. The grey lines below the calculated pattern are the difference

curve of the corresponding refinement. Values in brackets are the

Miller indices
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samples, the BiMn1-xRhx phases is only a quenching

product and not an equilibrium phase. This is evidenced by

a DTA determination of a sample with a composition of

Bi50Mn48Rh2 (annealed at 330 �C) that shows two invari-

ant reactions at 260 �C and 423 �C (Table 3). The reaction

at 260 �C corresponds to the formation of the Bi-rich liquid

(probably eutectic) and the second one at 423 �C to the

decomposition of the BiMn1.05Rh0.02 phase. This decom-

position is 23 �C lower than the peritectic decomposition

of b-BiMn at 446 �C reported in Reference [15].

4.7 The Ternary Phase Diagram Bi–Mn–Rh

The isothermal sections at 330 �C and 600 �C, based on

obtained data listed in Table 2, are shown in Figs. 6 and 7.

Three-phase fields which were all confirmed by at least one

sample are drawn using solid lines. Dashed lines indicate

those phase fields only confirmed by samples showing local

phase equilibrium but additional impurity phases due to

sluggish equilibration. All phase equilibria that only arise

from theoretical considerations and were not experimen-

tally observed are indicated by dotted lines.

4.8 Isothermal Section at 330 �C

Due to synthesis difficulties based on different melting

points of the elements and a slow reaction kinetic at low

temperature on the Rh rich side, the isothermal section

could only be investigated in the Bi-rich corner with more

than 50 at.% Bi. Despite the long annealing time of 4

months all samples containing a higher amount of Rh or

more than 50 at.% Mn are not in full equilibrium.

The isothermal section, shows 14 three-phase fields, of

which four were fully confirmed experimentally. Addi-

tionally, the three-phase fields, (c0-Mn3Rh ? s1? s2) and

(Rh ? BiRh ? s3) are confirmed by one sample each,

however, at least one additional impurity phase, (marked

with an ‘‘e’’ in Table 2) was determined by EDX and XRD

analysis.

The three-phase field (a-Mn ? c0-Mn3Rh ? BiMn1.05-

Rh0.02) is also confirmed by one sample with a composition

of Bi16.9Mn68.3Rh14.8, would result in a graphical estimated

phase boundary of * 23 at.% Rh at the c0-Mn3Rh phase.

Based on thermodynamic considerations the phase

boundary of the ternary field would be expected close to

the composition of the binary phase boundary at * 17

at.% Rh (c0-Mn3Rh phase). For this reason and the addi-

tional presence of trace amounts of two other phases (non

reacted Rh and Bi3MnRh) in the bulk sample, the sample is

not displayed in Fig. 1 and the three-phase field was indi-

cated by dotted lines.

The three-phase field (L ? a-BiMn ? BiMn1.05Rh0.02)

is confirmed by a sample (Bi50Mn48Rh2) showing in XRD

the mentioned phases and additionally also the c0-Mn3Rh

(\ 10 wt%) (Fig. 8). The occurrence of the four phases in a

local equilibrium is based on the very close location of the

Fig. 6 Isothermal section at 330 �C; open data symbols indicate the

nominal compositions of the respective samples, triangles (4): three-

phase samples; filled squares (u): two-phase samples; filled circles:

(d) phase compositions measured with SEM/EDX; corresponding to

Table 2: s1 = Bi4Mn5Rh2, s2 = Bi3MnRh, s3 = Bi18Mn5Rh6, cubic

MnRh = b-MnRh(Bi)

Fig. 7 Isothermal section at 600 �C; open symbols indicate the

nominal compositions of the respective samples, circles (s): single

phase samples; triangles (4): three-phase samples; filled squares (u):

two-phase samples; filled circles: (d) phase compositions measured

with SEM/EDX; corresponding to Table 2: cubic MnRh = b-

MnRh(Bi)
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phase fields whereby the sample is situated on the border of

the two three-phase fields. Another theoretical existing

three-phase field, (a-BiMn ? Mn ? BiMn1.05Rh0.02), is

not drawn due to the narrow space between the neighboring

phase fields.

Except the reported three ternary phases (Bi4Mn5Rh2

(s1)
[13]; Bi3MnRh (s2), Bi18Mn5Rh6 (s3)

[14]) and

BiMn1.05Rh0.02, no further phases were found.

SEM studies indicated very limited ranges of Mn solu-

bility (less than 0.5 at.% Mn) in all tree binary Bi-Rh

compounds (Bi4Rh, a-Bi2Rh and BiRh). The EDX values

in Table 2 differ somewhat from the stoichiometric com-

positions of 33.3 at.% Rh (a-Bi2Rh) and 20 at.% Rh (Bi4-

Rh). This discrepancy is due to problems with the WDX/

EDX measurements: the characteristic XRD spectra of Bi

and Rh, especially the Bi M-line at 2.419 keV and the Rh

La1 line at 2.697 keV, are rather close, which makes it

difficult to separate them in the measurement. No hint,

neither in XRD nor in EDX, could be found for Mn sta-

bilization of the metastable phases Bi3Rh or BiRh0.81.[17]

The phase cubic MnRh (hereinafter denoted as b-

MnRh(Bi) phase shows a measurable solubility of Bi into

the ternary. Approximately 3.6 at.% Bi was found to

replace Mn in the cubic MnRh structure in a sample

composition of Bi58Mn19Rh23. Whereby the lattice

parameter a = 3.060(1) Å is slightly higher compared with

the unsubstituted cubic MnRh (a = 3.044 Å). These results

are in agreement with Suits[12] who, reported a maximum

substitution of 10 at.% Bi in b-MnRh(Bi) at 400 �C and a

lattice parameter a = 3.110 Å. In contrast to the latter

author, however, b-MnRh(Bi) was not found in equilibrium

with BiRh. Instead the ternary s3 phase was found in

equilibrium with BixMn1-xRh. Suits[12] made his investi-

gations at 400 �C, 70 �C higher than the current isothermal

section, so a change of equilibria between these two tem-

peratures is probable. In the 600 �C isothermal section

discussed in the next section, a tie line exists between b-

MnRh(Bi) and BiRh.

As described before, the a-BiMn phase appears (at

330 �C) only in a very small ternary area. Instead, the

closely related orthorhombic compound BiMn1.05Rh0.02

described by Taufour et al.[11] is found in equilibrium with

c0-Mn3Rh. In Tables 1 and 2 this phase name BiMn1.05-

Rh0.02 is used independently of the real Rh contend.

A sample with the composition Bi65.0Mn29.9Rh5.1 (XRD

pattern shown in Fig. 5, values given in Table 2), for

example, contains (L(Bi) ? c0-Mn3Rh ? BiMn1.05Rh0.02)

with composition for one phase of 48.9 at.% Bi, 49.7 at.%

Mn, and 1.4 at.% Rh. This EDX result is in good agreement

with the calculated phase formula by XRD data: Bi48.48-

Mn50.18Rh1.34, but the Rh-content is slightly larger than

suggested by the formula BiMn1.05Rh0.02. Except for the

lattice parameter b, all parameters are equal to the values

of[11] within the error limits.

4.9 Isothermal Section at 600 �C

The 600 �C isothermal section (Fig. 7) contains no ternary

phase, so all of them are decomposing at temperatures

between 330 and 600 �C. All five three-phase fields are

experimentally confirmed. The four ternary phases (Bi4-

Mn5Rh2, Bi3MnRh, Bi18Mn5Rh6 and also BiMn1-xRhx)

existing in the 330 �C isothermal section, occur in several

different samples (marked with an ‘‘e’’ in Table 2). How-

ever, their morphology (e.g. Fig. 9(b)) indicates that they

arise at the quenching process and are not equilibrium

phases. According to the literature, the Bi4Mn5Rh2 phase is

stable up to 500 �C[13] and the Bi18Mn5Rh6 phase up to

457 �C.[14] BiMn1.05Rh0.02 decomposes at 423 �C accord-

ing to our DTA results.

Similar to the 330 �C section, EDX studies indicate a

very limited Mn solubility (less than 0.4 at.% Mn) in all Bi-

Rh compounds. Concluding from the two binary systems,

the liquid phase field at the Bi corner is suggested to start

at * 69 at.% Bi on the Bi–Mn side, and to end at * 85

at.% Bi and on the Bi-Rh side. However, all SEM/EDX

Fig. 8 Powder XRD pattern of the sample Bi50Mn48Rh2 (annealed at

330 �C, measured at ambient conditions). The pattern contains Bi, c0-
Mn3Rh, BiMn1.05Rh0.02 and a-BiMn. The experimental pattern

(above, black), the calculated pattern of the phases BiMn1.05Rh0.02
[11]

(magenta middle) and a-BiMn (dark blue bottom) are shown. Values

in brackets are the Miller indices of the strongest reflexes
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measurements of samples containing L(Bi), except one

(Bi64.5Mn10.3Rh25.2), show a significantly lower Mn

(B 3 at.%) and Rh (B 0.5 at.%) content for the quenched

Bi-rich liquid phase as determined from area scans

(Table 2). This would indicate a retrograde shape of the

liquid phase field. On the other hand, the existence of rather

large crystals of phases not stable at 600 �C clearly show,

that the quenching process is slow enough to allow for

large and well-shaped crystallites.

The convex shape of the liquid phase boundary in the

Bi-rich corner is deduced from the sample Bi74Mn20.3Rh5.7.

XRD analysis of the latter sample shows that beside Bi also

the phases BiMn1-xRhx and Bi4Mn5Rh2 are present with

several wt%. Both phases are not stable at 600 �C, so it is

Fig. 9 SEM-BSE images of selected samples (black structures are

either holes or cracks caused by sample preparation); (a) Bi64.8Mn30.2-

Rh5 (annealed at 600 �C), showing L (light gray) c0-Mn3Rh (dark)

and BiMn1-xRhx (gray); (b) Bi50Mn29.9Rh20.1 (annealed at 600 �C),

showing L (light gray) b-MnRh(Bi) (dark gray) and Bi3MnRh (s3)

(gray); (c) Bi75Mn20.3Rh5.7 (annealed at 600 �C), showing Bi (light

gray) and interleaved BiMn1-xRhx/Bi4Mn5Rh2 (gray); (d) Bi75Mn20.3-

Rh5.7 (annealed at 600 �C), showing Bi (light gray) b-MnRh(Bi) (dark

gray) and Bi4Mn5Rh2 (gray)
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evident, that the sample was single phase Liquid at the time

of annealing. The corresponding micrograph of the sample

showing long needles of BiMn1-xRhx/Bi4Mn5Rh2 in a Bi

matrix is shown in Fig. 9(c). The phase boundary of L in

the 600 �C isothermal section was drawn to include this

sample composition in the liquid single-phase region.

XRD and SEM investigations of the sample Bi74.5-

Mn15.4Rh10.1 (Fig. 9(d)) show beside L(Bi) also the phases

b-MnRh(Bi) and Bi4Mn5Rh2. Compared to sample Bi74-

Mn20.3Rh5.7 (Fig. 9(c)), where the phases BiMn1-xRhx and

Bi4Mn5Rh2 are formed during quenching, the morphology

indicates that the b-MnRh(Bi) arises not at the quenching

process and is an equilibrium phase, therefore the sample is

outside liquid phase boundary.

Due to the problems to accurately measure the Mn- and

Rh- content of the quenched liquid by area scans, the phase

boundary itself is shown as a dashed line.

The b-MnRh(Bi) phase at 600 �C has a large solubility

into the ternary field. Nearly 11 at.% Bi was found to

replace Mn in cubic MnRh structure at a sample compo-

sition of Bi23Mn13Rh64. A large substitution of Bi in the b-

MnRh is in agreement with Suits,[12] who measured the

maximum Bi content in a sample composition with 50 at.%

Rh. This is confirmed in the current study. In general the

data given in Table 2 indicate that the solubility of Bi is

promoted by high Rh-contents around 50 at.%.

5 Conclusion

The Mn-Rh phase diagram in the range from 5 to 90 at.%

Rh was reinvestigated by standard experimental methods,

and a revised version is presented in Fig. 1. Based on the

present results, the transition temperature from ordered c0-
Mn3Rh phase to c-Mn solid solution was reassessed. The

phase fields, as reported by Massalski et al.,[15] could be

confirmed although the phase boundary of the cubic MnRh

phase had to be revised from 55 to 50 at.% Rh and the two-

phase field of cubic MnRh ? c0-Mn3Rh is much narrower

than reported. A temperature hysteresis for the transfor-

mation from the tetragonal to the cubic MnRh structure

given by Nakayama and Asanuma[26] could be confirmed.

In an attempt to stabilize the ferromagnetic phase a-

BiMn by the addition of a third element, the ternary Bi–

Mn–Rh phase diagram was investigated experimentally.

Based on the results of thermal analyses, powder XRD, and

SEM-EDX a large part of the ternary phase diagram could

be elucidated. Two isothermal sections are shown: one at

330 �C, i.e. at a temperature below the peritectic decom-

position of a-BiMn (Fig. 6), and a second at 600 �C.
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