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ABSTRACT 

The compounds and alloys between rare earth (RE) metals and manganese have been studied 
systematically. For the preparation of these alloys a special technique has been developed, 
the so-callea “amalgam process,'« which consists of a heat treatment of an RE-Me-amalgam, 
where RE can be any RE metal and Me any other metal. The process yields mercury-free, 
well-annealed compounds wdthout a melting process at temperatures between 800° to 1100"C. 
On thus prepared RE-Mn alloys the crystal structures of the intermetallic compounds with 
the formulas REMng» REgMng,. and REMn^ have been determined to be of the MgCUg or 

\lgZn2, ThgMngg, or ThMn12 type, respectively. The phase diagrams of the RE-Mn system 

(RE = Gd, Dy, Ho, Er) have been established mainly by differential thermal analysis All of 
these intermetallic compounds are formed peritectically. The magnetic properties of the 
intermetallic compounds present in the investigated systems have ucen determined in the 
temperature range 80° to 1400°K. The magnetization, saturation magnetization, and suscepti¬ 
bility as well as the Curie points and magnetic moments have been established. Various modes 
of ferrimagnetic coupling of the moments are observed. A mechanism is proposed which can 
explain the experimental results and is consistent with theoretical considerations. 

Distribution of this abstract is unlimited. 
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SECTION I 

introduction 

meufs 'o^onSr'rr and the Uutthatudee, 
lurglsts. For Zny ylrTZ cheml«^^ .r ? Phï8lClatE' '»«“‘a«», »nd meUH 
preparation of pure RE metals wWch were Mtconb.mí ^V7 elements I,a8 hindered the 
the late 1950's, the oure rf ‘ contaminated by other RE metals. Now. since 

increasing amounts and at faUing prices6 STüîe^ther h^1^6 ^ are Produced in ever 
main reason for the interest nf tiL 6 other 11811(1 the chemical similarity is the 
subsutuüng one RE e.S for ln metal8 
erUes are usually altered in a nearly oonHn.f« 1 S°mpound or Phase the physical prop- 
wlUtthe general formula RExAy have been prepared. wÄeT^^rE 

Group IV°to^ of" the perhxii^ubie"or tTe^ble ^ ^ ^811100 meUl8 o{ pound with RE metals. Pesides the noble gases, which do not form any com- 

pÄrÄ*1 8,r,rone re «- 

erUes as long as the 4-f sheU is unfilled. ^ proPerties but dominate the magnetic prop- 

priSry0,S^c T ^111^ 8heU ^ «»«to™ bearing a 
Co. S ShTt 1. «»PfntoMy U» 3-d elemente. iT?.1! 
bination of 3-d and 4-f metals are lilœiv t« alloy8 811(1 compounds consisting of a ^om- 
>™ highly inlereatlng from the praoUcaî zsvelïTtZm ^ 

capable of* swfng feSS^melic ord'S^wl.tn*' A1Í°^?1 torromagnetfc llaelf. It la 
transition metals. On the crther hand mLfranPo«C?mblined WlLh other metals* especially 
physical metallurgy of RE-transition motT^ fT1^86 ,8 also a 8Pecial case in regard to the 
and VI «Ti. V. Crf em , I iTfom a ÄnZmlm^ ““ of OnS^lv.T 
has been found that Mn forma v^th , teUic compoilnd with the RE metals, it 
that the elementsFe, Co/aod NMormu^to^interlmeuiH^ to 3 compoutT^ «nú «i xorm up to 9 intermeUUic compounds with all RE elements. 

and magnetic Properü^wW^^^^^n^^engïï^13'^ 8?,^ph1y8lca1, metal’crglcal. 
configuration, the atomic sire. e¿ InXs lei^rt Z r«a ,811^1 chan8e« ^ th. Matron 
toe phases and intermetallic compoLd^oi lObiLíj RE-Mn svSTríHmatiCJnVe8tigati0n8 of 
been chosen from the 17 oossibte rf-m« w M 8y8*ms are #ven. wh!ch have 
sidérations. Possible RE-Mn systems by scientific as well as economic con- 
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SECTION n 

PREPARATION OF RE-Mn ALLOYS AND COMPOUNDS 

CONVENTIONAL METHODS 

0f "Mn aill0ys may be achieved by man: conventional nethods. e.g., arc 
hU ™;ltln8' sintering, etc. These preparation techniques, however, have 

taniium^i^h0"8' no crucible material which can be used throughout. Only 
soireminC^ Rped’ ÍUÍ .only to a limited extent because up to 1 wt. percent Ta is 
wetted bl thS m«nEa ?eta,ls (Ref®rence Refractory materials like alumina are usually 
cmídble-frS? d 0nlKy P°re“free edibles are suitable to a limited extent. When using 
u^r ÍÍ fS arC meltlng a great tieal of ^ RE metal “d of the Mn metal 
Sm Eu íh t' ukS tru® esPeciany i™ die RE-metals with a low boiling point, like 
bTfores Jn * ^ C01??position of ^e alloy is altered in a way which can not 

„î686®“; Therefore, single-phase alloys are prepared more or less only by accident. From 
Dowíds^art1 aW mSH°f R H~Mn systems'8ivenin düs report, it can be seen that most com- 
arc-melünff teíhitn PeriteuCitÍPaÍly- Therefore- by raPid cooling, which takes place when the 

^ ,UenCJ' lndUCUOn melUng iS USed> 0nly of RE-M" 

. ii0St ?.f Í®8® difficulties can be overcome by a special technique, developed by our labora- 
hJZ’ d ÜîeKaTla1lgam process- Consequently, most alloys used for our investigations have 
been prepared by this process. 

THE AMALGAM PROCESS 

The scheme ci the amalgam process, applied to RE-Mn alloys, is given in Figure 1. It was 
developed by F Lihl (Reference 2 and 3) for the preparation of alloys and com- 

nr«nnrnHnn to™PeT&tores below the boiling point of mercury. It has been modified for the 
preparation (Reference 4, 5, and 6) of RE alloys in general (RE-Mn, -Fe, -Co, -Ni, -Cu, -Ae 
-Au, etc.). This modification, requiring a considerable amount of development work, has been 
necessary since the RE metals form very stable compounds with mercury (Reference 7). 
Alloys and compounds between RE metals and elements of all groups of the periodic tablé 
(besides the noble gases) have been successfully prepared and investigated by the amalgam 
process. The thermodynamic and theoretical foundation of the amalgam process is given 
elsewhere (Reference 8). Here, only its appUcation to RE-Mn alloys will be discussed. 

Preparation of the RE-Mn Amalgams 

The binary systems Mn-Hg and RE-Hgare now reasonably well known. In the system Mn-Hg 
two intermetallic phases have been detected (Reference 9), namely, MnHg and Mn2Hg5. 

Mn2Hg5 decomposes at 75°C into MnHg and Hg. MnHg decomposes at 400°C into finely divided 

Mn metal and Hg vapor. The solubility of Mn in liquid Hg is 1 x 10"2 wt. percent at room 
temperature and 1.5 wt. percent at 450°C (Reference 10). 

The RE-Hg systems have been evaluated in the last few years. At least three intermetallic 
phases are present in each of the systems RE-Hg (RE = Y, La, Ce, Pr, Nd, Sm, Gd.Dy, Ho. 
and Er), namely, REHgg, REHgg, and REHg (References 11, 12, and 13). 

The solubility of the RE metals in liquid mercury is approximately 0.01 wt. percent at 
room temperature, 1 wt. percent at 450°C (References 14 and 15). The preparation of the 

2 
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RE - METAL + Mn - METAL + Hi 

AMALGAMATION j 450 ° C , IOh 

(RE + Mn) - AMALGAM , I wt. % (RE+Mn) 

f Hg 
2nd. HEATING 700° - 800°C, 2-3h, 

VACUUM STAGE 

RE-Mn - COMPOUNDS + Mn +(RE) 

3rd. HEATING 

STAGE 
800°- 1100° C, 6 -20h, 

ARGON 

_JL 
REMn2 , RE6 Mng3, REMn|g ^ 

Figure 1. Scheme of the Amalgam Process 
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ama.l»amf ^l8ts of a heating process of a mixture of liquid mercury. RE metal. 
atmos^hA™6^1 a* 45h° C,* the heating process the amalgam, which is kept in argon 
atmosphere in a fused glass tube, is agitated slowly. The details of the procedure are given 

Mn Ref^en0e8**6* ^ 11^* coolinK* the amalgam consists of RE-Hg and 
Mn-Hg compounds wetted by liquid mercury. This liquid mercury is filtered off and the 

v! lt d®00"1?0368 readily at room temperature under the influence 
i oxygen, but can be kept without decomposition for weeks at liquid air temperature. 

Heat Treatment 

The amalgams thus prepared are heat-treated in the manner shown in Figure 1. 

f18«® 00081318 of a destination process, which eliminates the free, unreacted 
T5i8 PJ00688 18 conducted at the lowest possible temperature to avoid partially 

^ ^ M“ mcta] in the liquid mercury. After approximately 1 hour a finely 
achieved*ntÍmate miXture °f RE"Hg compounds (REHgg and REHg2) with Mn metal grains is 

The second stage oonsists in the removing of Hg, which is left bound in the alloy. This ateo 
necessitates 700« to 800‘C and 2 to 3 hours. During this stage either a stream of ar^n wfth 
o to 10 Torr pressure or vacuum can be used. The temperature of 700° to 800#C must be 

8 y, («PP^im^tely within 1 hour). If this temperature is reached too quickly, 
partial sintering of the alloy occurs, thus preventing the complete removal of the Hg. 

Then, in the third and last heating stage, a homogenization of the alloy powders by diffusion 
takes Place. During this step single-phase alloys may be formed, depending on the ratio be¬ 
tween the RE metal and the Mn initially used when preparing the RE-Mn amalgam. 

Usually 8008 to 1100°C and 6 to 20 hours are sufficient to reach equilibrium. 

Mechanism 

“T °f ‘b*? reacution 18 88 follow8: At 500-C the mercury compounds, which are 
stame at room temperature, have been decomposed into REHg and Mn metal. The Mn grains 

by, '!í REH* P*1”- » «rowing of the Mn paTÍI can te 
°b8r®^’ the ^y}3 tept 81 5008 to 600*C for up to 24 hours. When the temperature 

^H?œmJ?°Ull(îSdeC0mP08®’ and obviously the free RE metal immediately reacts 
In“hgralns* Jhe «rains are therefore covered by shells of RE-Mn compounds. 
11 oír ^^8^^8100 process, which needs only 6 to 20 hours at 800° to 

u ^î11®7®^ 71118 8hort time 18 sufficient since the diffusion distances are 
nZi?v i11«11681 temperature necessary depends on the RE-Mn systems investigated. 
«i^hîîy refylt8 8re obtained if this temperature is slightly higher than the eutectic and 
slightly lower than the peritectic temperatures (see Section IV for the phase diagrams). 

4 
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SECTION m 

CRYSTAL STRUCTURES OF RE-Mn COMPOUNDS 

In the RE-Mn systems, three types of intermetallic compounds have been detected, namely, 
the compounds REMn2, REgMn^, and REMn12. 

REMn2 COMPOUNDS 

The REMn, compounds have been investigated to some degree earlier (Reference 13). Two 
types of structures were observed, the cubic MgCu2-(C15) type and the hexagonal MgZn0-(C14) 

™ má 

type. Table I gives the structures and lattice spacings of our investigations on (Y, La, Ce, Pr, 
Nd, Sm, Gd, Dy, Ho, and Er)-Mn compounds as well as the data of earlier investigations. 

Only a few points will be discussed. In general, the earlier investigations could be con¬ 
firmed. Also the lattice spacings agree well. The decrease of the lattice spacings of REMn0 

mt 

compounds with increasing atomic number is regular, as can be seen from Figure 2. 

There exists a regular change of the structures between the C14- and C15-types. The light 
RE elements form Laves compounds with the Cl5 structure; so does yttrium. The heavier 
elements, beginning with erbium, form the C14 structure. We have found that Ho can form a 
HoMn2 compound with either the C14ortheC15 structure. Usually, when applying arc-melting 

techniques, the cubic CIS structure is formed. By means of the amalgam process, however, 
the C14 structure has also been observed. This structure has been confirmed not only by 
calculating the proper lattice spacings from all diffraction lines, but also by calculating the 
structure factors and intensities which agreed well with the observed values. We are now 
studying by high temperature X-ray diffraction techniques, whether this CIS structure is 
metastable at all temperatures or whether there exists a distinct temperature of trans¬ 
formation for these two structures. In either case, it is reasonable to assume that especially 
HoMn2, which is at the border between the ranges of existence of the Cl4 and CIS structures, 
can accept both structures. 

RE6Mn23 COMPOUNDS 

The existence of an intermetallic compound of approximately 80 at. percent Mn in most 
RE-Mn in most RE-Mn systems has been known for some years. Also some physical, espe¬ 
cially magnetic, properties have been reported concerning these compounds (References 18 
and 19). The formulas REMn4 (RE =Y, Gd, Ho) and REMn^ (RE = Y, Gd, Dy, and Ho), as given 

in References 20, 21, and 22, have also been attributed to these compounds. Only recently has 
the structure of these compounds been established as the ThgMn23 type (References 16 and 17). 

Nevertheless there are some questions unanswered: whether these compounds with different 
formulas are identical, whether such compounds exist in all or only in some RE-Mn systems, 
and finally, whether there exists a range of homogeneity in the compounds. The results of our 
investigations may help to clarify some of these questions. 

From Table I it can be seen that except for La, Ce, and Pr, all RE elements investigated 
form R£gMn23 compounds. The lattice spacings observed by us agree well with values from 

other sources. Figure 3 shows the decrease of the lattice spacing, a, with increasing atomic 
number. This decrease is also regular. 

5 
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1 

T 

TABLE I 

Lattice Spacings and Structures of RE-Mn Compounds (in X) 

La 

Ce 

Pr 

Nd 

Sm 

Gd 

Dy 

Ho 

REMn, 

(C15 or C14 Type) 

a 

7.692 
7.679 

Er 

7.750 
7.728 

7.602 
7.569 

7.592 
a- 5,368 ) 
c- 8.764 ) 

7.507 

a- 5.307 ) 
c- 8.702 ) 

a* 5.281 
c- 8.621 

Ref. 
No. 

13 

^23 
(Th6Mn23Type) 

12.457 
12.438 
12.47 

13 

13 

13 

13 
13 

12.663 
12.657 

12.572 
12,558 
12.67 

12.519 
12,532 
12.51 

12.358 
12.361 
12,38 

12.331 
12,324 
12.34 

12.285 
12.275 
12.29 

Ref, 
No, 

16 

16 

16 
17 

16 

16 
17 

16 
17 

16 
17 

REMn] 

‘12 

12 
(ThMn Type) 

8.595 

8.660 

8.624 

8,579 

8.570 

8,540 

4.773 

4.810 

4.782 

4.763 

4.747 

4.740 

6 
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Figure 2. Lattice Spacings of REMri2 Compounds 
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Figure 3. Lattice Spacings of RE6Mn23 Compounds 
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The formation of REgMngg compounds has been explained on the basis of a size dominant 

factor (Reference 16). The nonexistence of LagMn^g, COgMiigg, and however, can 

not be explained by a size factor effect. An explanation has been proposed based on the 
immiscibility gap observed in these systems (Reference 23), which prevents a complete mixing 
of the two liquid elements. Since, however, the amalgam process does not necessitate a liquid 
phase, such a REgMn23 compound should form, if it is stable at all. Therefore the systems 

La-Mn and Ce-Mn have been tested by the amalgam process. As far as our present results 
indicate, under similar conditions which led to the formation by the amalgam process of 

and CCgMngg could not be prepared. It seems therefore 

that the immiscibility gap in these systems may indicate the instability of the corresponding 
compounds rather than the prevention of the formation of such compounds because of mechan¬ 
ical, macroscopic considerations. The same seems to be true with the PrfiMn_„ compound. 

other REgMngg compounds, LagMn23 

The existence or nonexistence of the different compounds reported earlier cannot be 
proved by crystallographic means alone. By magnetic investigations, however, it has been 
shown that there exists only one intermetallic compound in the concentration range from 
79.5 to 83.3 at. percent Mn in each system. This is based on the fact that the Curie temper¬ 
atures reported are the same and that also, by differential thermal analysis, only one com- 
pound has been detected in this region. These conclusions agree with results of X-ray dif¬ 
fraction investigations, which yielded either patterns which could be indexed entirely on the 
basis of the REgMn23 structure or patterns showing additional lines due only to REMn2 or 

REMn12 compounds. However, it must be recognized that the compounds REgMngg, REMn4 

and REMttg differ only slightly in composition (79.5, 80, or 83.3 at. percent Mn, respectively. 

Such small differences of composition do not allow an accurate distinction of the formulas by 
chemical analysis of samples regarded as single phase. 

In the original paper by Florio et al. (Reference 24), regarding the TligMii^ type of struc¬ 

ture, the possibility that the actual structure may be ThgMn24> corresponding to 

ThMn4 (= REMn4), was left open. This possibility is regarded as improbable (Reference 16) 

because of results obtained on SrMg4, which has a hexagonal instead of a cubic structure. 

Nevertheless, the possibility of a range of homogeneity which covers all or two of the 
compositions REgMn23, REMn4, and REMn& could not be excluded. Therefore careful ex¬ 

periments have been performed on GdgMn^, in which the usual measuring and calculating 

techniques to obtain lattice spacings with high precision were applied. In all cases, due to the 
finely grained, well-annealed state of the powders prepared by the amalgam process, a 
separation of the Kc^ and Ka2 lines of CrKa radiation, beginning from 20 =90degrees, 
were observed. 

By these experiments a marked difference between lattice spacings of samples with the 
composition REMn„ 0 to REMn, (i e., from 76 to 83.3 at. percent Mn) could not be observed 

09¿ o 0 

within a limit of ±0.002 A. Also, the intensities of the diffraction lines were found to be in 
good agreement with calculated intensity data (Reference 25) based on the GdgMn^ structure 
and composition. 

9 
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Therefore, if a range of homogeneity exists, it must be small, at least in the case of 
Gd6Mn23’ and this formula must be regarded as an accurate expression of the composition. 

REMn12 COMPOUNDS 

This group of compounds has been supposed to exist, since the compound YMn12 was 

characterized earlier (Reference 20), and the compounds GdMn10 and DyMn, 0 have been 

reported to exist (Reference 26), but a characterization of their structure has not been given 
up to now. 

We have investigated the systems RE-Mn (RE = Y, La, Ce, Pr, Nd, Sm, Gd, Dy, Ho, and Er) 
and found in all of these systems besides the systems (La, Ce, Pr, Sm)-Mn that there exists 
an REMn12 compound. The structure is body-centered tetragonal; the lattice spacings are 

contained in Table I. Their decrease with increasing atomic number is regular (Figure 4). 

Since the compound ThMn^ belongs to the space group 14/mmm the same structure has 

been tested to determine if it also fits the REMn^ structure. By calculating 'he structure 

factors and intensities (Reference 25) and by measuring the intensities at low (90°K) and 
normal temperature with a low temperature X-ray diffraction goniometer attachment, the 
structure has been confirmed as identical to the ThMn12 structure. No systematic deviation 

of the intensities due to free parameters, different from the ThMn „ compound, has been 
observed. The atoms occupy the following positions: ^ 

2 (a) RE at 0,0,0. 
8 (f) Mn at 1/4, 1/4, 1/4; 3/4, 3/4, 1/4; 1/4, 3/4, 1/4; 

3/4, 1/4, 1/4. 
8 (i) Mn at x, 0,0; x, 0,0; 0, x, 0; 0, x, 0; with x = 0.36. 
8 (j) Mn at x, 1/2, 0; x, 1/2, 0; 1/2, x, 0; 1/2. x, 0; with x = 0.28. 

The interatomic distances calculated with these positions seem to be reasonable when 
compared will, the average diameter of the RE atoms and the diameter of the Mn atoms. 

Up to now no range of homogeneity has been observed in these compounds. 

10 
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Figure 4. Lattice Spacings of REMn^ Compounds 
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SECTION IV 

RE-Mn PHASE DIAGRAMS 

LITERATURE SURVEY 

dia*r“ns of the RE-transition metal systems, especially with Mn. Fe Co and 
7¿<mU ‘"Ti1«“1611- There Intermetailic phases existtag Intiiese 

íf, Í MR?ferenCes 13 ^ 23>- but complete phase diagrams are scarce A rece^ mm! 
27). 8h°ws that from the 204 possible binary systems between the 1?RE 

metals and the elements of Groups VII and VIH. which form at all interLumc impounds 
only 19 complete phase diagrams exist in the following combinations: compounds, 

Mn-Y, -La, -Ce 
Fe-Y, -La, -Ce, -Nd, -Gd 
Co-Y, -Ce, -Gd, -Dy 
Ni-Y, -La, -Ce, -Pr, -Kd 
Ru-Ce 
Re-Y 

di^Laloíetil system“cTlÄ- ‘he P¿aSe dla«rams is ^ Phase Vw ht a ^ ^ Mn# Dy Mn, HoMn, and Er-Mn have been investigated mainlv 
¡L“™ "V8^“8/ Tde P^parstlon of the alloys has usually been performed ¿ tteinatom 
(Refereiice128).C^emiCal oompoa“,on has been determined by X-ray fluorescence analysis 

MEASURING TECHNIQUE 

comparison P.StTl 1“* <U“ar?nlial thermal analysis, (a combination of specimen and 
Sw toen ¿cessalv due m Zi l ^ 'ZZ R,E all0yS' ttowe^- nidifications 

comparison samples. By this arrangement the temperature gradients are minimized.0 

enJwh(0ai CTÍblr.r? samPle8 is sma11 so that small changes of the energy (u.i cal/sec) yield quite distinct measuring effects. Therefore the tvne nf wnotin* 

anting Phases, is also possible (Reference 29) ^ ^ PeriteCl,C re- 

poÄlityTsVlr^^ 

rch'ÄCÄ“^ 
“d Gd6M"23.4- Fl«ure 6 ahows the results of these measurements. The concentration 

ha8 a" err°r 0f 11 PerCenl’ ““a ,0 “ha accuracy of the X-ray fluorescence 

The practical performance of the measurements is as follows: The samnles in 7 to i <; 
heaPd aPaa'ally ahaped tantalum crucibles. TheTanPim cric'ibtes wjre 
heated for 5 minutes in open air up to 400* to 500-C, The layer of this tantalum oxide protects 

12 
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Alumina Lid 

Crucibles of Tantalum 

Ther rrocouples 

Furnace Room 

Spring 

Figure 5. Arrangement for DTA Investigations 
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afl6influmice1 oTdi^solve^Ta3i^Ui^meU'caní6 me¡' “l> l° “pproxjmatóly 1400¾. Therefore 
arated by 0.7 mm umalum írâm the meU the ‘»«'"“couple i8 8ep- 
and the thermocouple is not more than ±2°C if the hp6?06 ^ temPerature between the melt 
than 107min. ñan ±2 C* lf heating rate of the sample is not higher 

carefuHy^purifíed^Reference^O^argon^as pn^tectf^gas0160^ ^ by ^ US6 °f -y 

of pure alumina. PThe e^ofthese thermoíou^e^ h"1 hh' Th6y haVe been kept in sma11 tubes 
of pure metals (Al Ae ard w haf been calibrated with the melting points 

15 hours, in tlis ti^'a varTa^^^^e^Tort^^ 
be expected. corresPonding to a maximum of 2 to 3°C,cai» 

Process ^ nofdurTng1 th^coo^ing ^roces^can’ teu eV°1Ved during ^ heatin8 
diagram and the equilibrium concenfration lines n f°r determimng lhe equilibrium 
alloys which were single-phase and had been prepared by^é^^m process.' ^ 

labié I, gives the composition of Ute alloys used for our investigaUons In wt. percent. 

Cd 

90 

85 

84 

74 

70 

70 

62 

59.5 

59 

37.5 

35 

35 

13 

5 

TABLE II 

Composition of Alloys Used for DTA Investigation (in 

Mn 

10 

15 

16 

26 

30 

30 

33 

40.5 

41 

62.5 

65 

65 

87 

95 

Wt. Percent) 

Dy 

90 

80 

70 

44 

27 

14.7 

Mn 

10 

20 

30 

56 

73 

85.3 

Ho 

90 

80 

70 

45 

28 

23 

Mn 

10 

20 

30 

55 

72 

77 

Er 

89 

77.5 
72.5 

69.5 

60 

37.5 

26 

9.5 

Mn 

11 

22.5 
27.5 

30.5 

40 

62.5 

74 

90.5 

15 
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THE Gd-Mn SYSTEM 

The compounds existing in the Gd-Mn system (Figure 7), GdMn2> GdgMn^, andGdMn12, 

ail react peritectically. The boundaries of stability and the melting enthalpies are contained 
in Table III. 

The alloys with the composition 0 to 30 wt. percent Mn have been prepared by the h/nh 
frequency induction technique since an equilibrium can be obtained in these alloys within 
short tempering times. All other alloys have been prepared by the amalgam process. 

The compound GdMn2 forms an eutectic with Gd at 84 wt. percent Go and 16 wt. percent 

Mn. The invariant eutectic temperature is 830°C. In the two-phase region between GdMn 

and pure Mn, at 87 and 95 wt. percent Mn, measurements with high amplification have been 
performed Two equilibrium temperatures, 1085° and 1125°C, could be observed. The solu¬ 
bility of Gd in Mn is approximately 1 at. percem at 1000°C. The observed temperatures of 
transformation of Mn are slightly lower than are reported for pure Mn, namely, 1094°C 
ß -Mn — y-Mn and 1135°C y-Mn — £-Mn. 

THE Dy-Mn SYSTEM 

The Dy-Mn system (Figure 8) is very similar to the Gd-Mn system. The intermetallic com¬ 
pounds, DyMn2, DygMn^, and DyMn12, react peritectically. Interesting is the broad peri- 

tectic concentration range of the compound DygMn23, which covers 30 to 80 wt. percent Mn. 

The DyMn2 phase reacts with Dy, yielding an eutectic at a concentration of 12 wt. percent Mn 

at 855°C. Table IV gives the invariant temperatures of the Dy-Mn system. 

A compound with the composition 45 wt. percent Dy appeared single-phase in the X-ray 
diffraction pattern. This composition corresponds to the formula Dy„Mn.0. By DTA investi- 

b ¿o 
gâtions of an alloy with 85.3 wt. percent Mn, which contained the phase DyMn10 and a small 

amount of free Mn metal, the temperatures of transformation of the Mn allotropes could be 
measured. These temperatures are 1120° instead of 1135°C and 1075° instead of 1094°C for 
the transformation y-Mn — f-Mn and /5-Mr — y -Mn for Mn, saturated with Dy and pure 
Mn, respectively. 

THE Ho-Mn SYSTEM 

In the Ho-Mn system (Figure 9) the HoMn2, HOgMn23, and HoMn12 compounds are present. 

The Ho-Mn system is very similar to the Dy-Mn system. The eutectic composiüon is 12 wt. 
percent Ho at 875°C. Table V gives the invariant temperatures of the Ho-Mn system. The 
reaction temperature of HoMn12 coincides in the concentration range between HoMn12 and 

Mn with the /3-Mn — y-Mn transformation. The transformation of y-Mn into C-Mn is a 
peritectic equilibrium at 1125°C as in the Gd-Mn system. 

THE Er-Mn SYSTEM 

In the Er-Mn system (Figure 10) compounds of the same type, namely, ErMn2, ErgMn23, 

and ErMn12, are present. Although all of these phases show a sort of peritectic reaction, 

only ErMn2 and ErgMn^ melt incongruently. ErMn12 is the limiting case of a peritectic 

compound since the solidus and the liquidus temperatures are the same. Therefore, ErMn10 
melts congruently. 12 
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TABLE III 

Temperatures of Formation and Enthalpies of Gd-Mn Compounds 

Reaction Reaction 

Temperature Melting Enthalpy 

Gd . — Gd. 
sol. liqu. 

GdMn^ — Gd^Mn^, + melt 

Gc^6^n23 GdMn^2 + melt 

GdMn^ “*■ y-Mn + melt 

1312°C 

950°C 

1050°C 

2.1 kcal/mol* 

1.14 t 0.1 kcal/mol 

2.32 t kcal/mol 

*Reference 23 

TABLE IV 

Temperatures of Formation of Dy-Mn Compounds 

Reaction Reaction Temperature 

“’'sol. - “’’uqo. 

DyMn2 — ^6^23 + melt 

^6^23 ”* + melt 

DyMn12 — y-Mn + melt 

1407°C 

930°C 

1035°C 

1075 °C 

21 
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TABLE V 

The Er-Mn system can be compared with thp o * 

rncerned-T,,e eutecuc 
KE-M„ Ptese"1 “ ^ — °‘ 

Table VI gives the equilibrium and reaction temperatures. 

gâtions showed in this12 ^ ^ Pr<!Pared ir°m melt- Metallographie investi- 

would be present in the cãse™! rXitecUc^Sthüi^líim?5 °f cry!,tallltes' which 
melting process showed such fringes, which are chaVacterMcT^ÆSto 

DISCUSSION 

~ intermamme “ch pt 

afr^”y t\i:r‘^T;K2y,r^M„T2h; 

92A3 7'PDhaSe r-REM"- + me,l'eXlStS ln Dy-M" system from approximately 55 to 

- r-— 
^6M^"me~2»Lny^n,inTÍrü0“r^ 

Er"r*79;5 al- Perce,,t Mn '= RE6M“23>- The eorresponding ranges in the Gd-Mn tmd 

. —T- “'e >PPrOXlm,leiy 5° ^ 40 a‘- Mn up to U,e compound HE Mn . 
Although the systems have in ceneral «íimiiur av,Qr,„ ® 
ferent. The ranges in the Gd-Mn and Er Mn à t ranges oi Peritectics are dif- 

me od Mn and Er~Mn systems are nearly equal and those oí the 

22 
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TABLE VI 

Temperatures of Formation of Er-Mn Compounds 

Reaction Reaction Temperature 

Ersol. Erliqu. 

ErMn. -- Er.Mn + melt 
¿ D Z J 

Er.Mn-- - ErMn + melt 
0 Z J iz 

Erfind -- y-Mn + melt 

1497°C * 

990°C 

1115°C 

1210°C 

♦Reference 23 

Dy-Mn and Ho-Mn are nearly equal to one another. The temperature and the composition cor¬ 
responding to the eutectic point depend on the melting point of the RE metal. With increasing 
melting temperatures of the RE metals (Gd: 1312°C, Dy: 1407°C, Ho: 1461°Ct Er: 14978C) 
the eutectic temperature also increases from 830°C for Gd-Mn to 855°C, 875°C, and 940°C 
for the Dy, Ho. and Er-Mn systems. The eutectic composition changes in the same series 
from 84 to 88.5 wt. percent RE metal. 

A similar rule cannot be derived for the temperatures of formation for the RE-Mn inter- 
metallic compounds. The temperatures of formation are lowest for DyMn2, DygMi^g, and 

DyMn^2 and increase in the order Gd-, Ho-, and Er-Mn. Corresponding to the Y-Mn system 

investigated by F. Hellawell (Reference 31), peritectic equilibria exist in all RE-Mn systems 
investigated. T^ese equilibria show a decrease in temperatures of transformation for the 
Mn metal, whic.i has dissolved some amount of RE metal in the lattice. 
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SECTION V 

MAGNETIC MEASUREMENTS 

MEASURING TECHNIQUE 

For the measurements on RE compounds a special magnetic balance has been developed 
(References 18, 19, and 32). This balance takes into account that small samples (10 to 100 mg) 
of highly reactive RE compounds are to be investigated at low and elevated temperatures in 
the ferro-, ferri-, or paramagnetic state. 

The balance is based on the Faraday principle. The specimens are sealed vacuum tight in 
thin silica tubes. A 3-kVA magnet with pole pieces of 10-cm diameter allows fields up to 
14-kOe to be reached in a 20-mm airgap. This gap allows the mounting of a cooling or heating 
device, covering the temperature region 80° to 1600°K. Since a force of 0.5 to 1.0 dyne can be 

measured with an accuracy of 1 percent magnetic moments of at least 5.10 ^ emu can be 
measured with the same accuracy. 

MAGNETIC MEASUREMENTS ON REgMn23 COMPOUNDS (RE-Gd, -Dy, -Er, -Y) 

On specimens of these compounds, prepared by the amalgam process and checked by X-ray 
diffraction and X-ray fluorescence analysis (Reference 28) for purity and composition, the 
following measurements have been performed: 

Determination of the 

a) Curie temperature, 

b) saturation magnetization at constant temperature, 

c) magnetization and susceptibility as a function of temperature. 

The Curie tefnperature T has been determined by measuring the magnetization at 10 to 
C 2 11.6 kOe as a function of temperature. If <j is plotted versus temperature, a nearly linear 

curve is obtained in the temperature region below T (Reference 33). T was obtained by 

extrapolating this curve to cr* = 0. The Curie temperatures thus obtained are contained in 
Table VII. 

The saturation magnetization at constant temperature has been measured at 80° and 288°K. 
Lower temperatures were not available. The saturation magnetization at a given temperature 
was obtained by plotting the magnetization versus 1/H and by extrapolating linearly to H =oo. 
The saturation magnetization at 0°K, <r (H = oo. T = 0°K) yields the value, the number of 
Bohr magnetons contributing to the total magnetization. Only in the case of Y„Mn00 was the 

o 2o 
temperature dependence of the magnetization between 80° and 300°K smooth enough to allow 
the extrapolation to a <7 (00, 0) value from the <j (H,T) values for T = 80° to 300°K. All other 
substances have a temperature dependence of a, which does not allow such an extrapolation. 
The measurements of the saturation magnetization at room temperature a (ao, 288) make it 
possible to calculate the amount of nonferromagnetic impurities (REMng, REMn^) in the 

ferromagnetic REgMn-^ sample. On the other hand, if series of samples are compared, the 
sample with the greatest a (co. 288) value is likely to be closest to the stoichiometric 

24 
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TABLE VII 

Magnetic Data of RE^Mn^^» REMn^» and REMn2 Compounds 

composition of the phase. By such measurements on GdgMn^ samples the formula REgMn^ 

was confirmed. 

The measurements of magnetization and susceptibility as a function of temperature have 
been performed at 10 to 10.3 kOe in the temperature range from 80° to approximately 1200°K. 
The results, obtained on 
Figures 11, 12. 13, and 14. Gd6Mn23' Dy6Mri23- Er6Mn23’ and Y6Mn23 are shown in the 

3 -1 The temperature dependence of the magnetization O'(emu/g = Gauss cm g ) of GdgMngg 

is regular from T down to approximately 200°K. Near this temperature, however, a point of c 
inflection is observed and the magnetization rises very sharply at lower temperatures. A 
second point of inflection must be present below 80°K, since <j must reach 0°K with the slope 
zero. The plot of the reciprocal susceptibility 1/Xg versus temperature is linear from 

approximately 850° to 1000°K. By extrapolating this line the paramagnetic Curie-temperature 
0 is obtained. This straight line corresponds to a Curie-Weiss law 1/\ = (R -0)/C . 

8 8 
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Figure 11. Magnetization <r and Reciprocal Mass Susceptibility 
1/X of GdfiMn Versus Temperature 
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Figure 12. Magnetization and Susceptibility of Dy^Mngg 
Versus Temperature 
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Figure 13. Magnetization and Susceptibility of Er6Mn23 
Versus Temperature 
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Figure 14. Magnetization and Susceptibility of Y Mn 
Versus Temperature ® ^ 
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From the slope of this curve iie effective tíohr-magneton number is calculated accord¬ 

ing to: /ieff = 2.83 f CgM (M . . . molal weight). Below 850^ down to T a deviaüon of 

1/Xg from a straight line is observed. The plot of versus temperature yields a hyper¬ 

bola with the asymptotes 1/Xg = T/C + l/Xo and T = T,. The fact that Tc and 9 are dif¬ 

ferent by more than 500°K, that l/xg shows a hyperbolic temperature dependence, and, 

finally, that /ie{f and fi, calculated from a (oo, 0), are markedly different, can be explained 

acconling to Neel (Reference 34) by a ferrimagnetic coupling of the magnetic moments below 
c* lhe data concerning Gd6Mn23 are based on repeated measurements, performed on a 

selected specimen of the composition GdgMn^ (79.3 at. percent Mn). Other specimens with 

76.2 and 83 3 at. percent Mn yielded similar results, although the saturation magnetization 
was naturally lower because of the presence of GdMn2 or GdMn12 in the samples. By these 

measurements the results of earlier investigations (References 4 and 18) are confirmed. 

The compounds DygMn23 and ErgMn23 have a behavior similar to GdgMn^. The mag¬ 

netization also shows a point of inflection at approximately 200% In the temperature region 
from 700 to 1400 K 1/X^ depends linearly on the temperature. From 700°K to T the 1/x 

plot deviates from a straight line. The same considerations which lead to the conclusion tha^ 
Gd6Mn23 18 ferrimagnetic can be applied also to Dy6Mn23 and ErgMn^. 

The magnetic data of Sm6Mn23 and HOgMn^, contained in Table VII, are based on mea- 

surements given earlier (Reference 18) but have been re-calculated according to the formula 
KE6Mn23' In KCHcral. Srn6Mn23 ^ HoeMn23 also show same temperature dependence 
of magnetization and susceptibility as the other REfiMn-„ compounds and must therefore also 
be regarded as ferrimagnetic. b 

Magnetic measurements on YgMn23 facilitate the interpretation of the magnetic behavior 

of other REgMn23 compounds since Y, in contrast to the majority of the RE metals, has no 

naagnetic moment. From Figure 14 it can be seen that the cr versus T curve shows no point 
of inflection. The extrapolation of cr to T = 0 is possible with reasonable accuracy The 
1/Xg versus T plot is a straight line from Tc (Tc = 486%) up to at least 800%. Therefore, 

Tc and 6 are nearly equal. From these facts and from the calculated Mgff value it must be 
concluded that YgMii^ is ferromagnetic. 

MAGNETIC MEASUREMENTS ON REMn12 COMPOUNDS (RE-Gd, -Dy, -Er) 

Figure 15 contains the results of measurements on GdMn12, DyMn12, and ErMn12. Mag¬ 

netic measurements on REMn12 compounds, which are paramagnetic or antiferromagnetic, 

are made difficult by the fact that the peritectically formed REMn12 compounds nearly 

always contain traces of the strongly magnetic REgMn23 compounds. Since the amalgam 

process yielded REMn12 specimens with only a small content of REgMn23 (below 3 percent), 

the data given in Figure 15 can be regarded as reliable. The reciprocal susceptibility plot 
of DyMn12 is linear from 800° down to 110%. At this temperature a minimum is observed. 
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Figure 15. Reciprocal Susceptibility 1/x of GdMn 

DyMn12, and ErMn12 Versus Temperature, and 
Susceptibility of DyMn12 Versus Temperature 
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The paramagnetic Curie temperature obtained by extrapolating the linear part of the 1/X 

plot is -398°K. This fact together with the maximum value of X at 110°K suggests that 

DyMn.- is antiferromagnetic below the Neel temperature T of 110°K 
n 

GdMn12 and ErMnJ2 also show a linear 1/x g plot from 700° down to 80°K and a negaüve 

6 value. A maximum of Xg. however, could not be observed. Nevertheless, an anUferro- 

magnetic coupling of the moments below 80°K is very likely. 

MAGNETIC MEASUREMENTS ON REMn2 COMPOUNDS (RE-Gd, -Dy, -Er) 

The magnetic properties of some REMn2 compounds have been determined earlier (Ref¬ 

erences 35 and 36) at low temperatures (2.1 0 to 150°K). Figuie 16 contains additional mea¬ 

surements obtained in the temperature region from 80' to approximately 1200°K. These 

compounds are also likely to contain traces of REgMn^ compounds. A correction was 

applied when such traces were detected. 

The 1/X g plot of GdMn2 is linear from approximately 1000° down to 100°K. At 86°K, however, 

there seems to be a maximum in the Xgcurv6» indicating a Neel point. The measurements 

performed on DyMn2 are to be regarded as preliminary, since the sample investigated con¬ 

tained 7.5 percent DygMn^, an influence whichcannotbe corrected completely. Nevertheless, 

the calculated ^eff value seems reasonable. 0 is negative; therefore, the fact of antiferro¬ 

magnetic ordering at low fields (Reference 35) and perhaps ferromagnetic ordering at high 

fields is supported. The temperature dependence of 1/Xg of ErMn2 is a straight line from 

1200° down to approximately 400°K, where a slight deviation, due to an ErgMn23 contami¬ 

nation, is observed. The negative value of 9 indicates ferro- or antiferromagnetic coupling 

of the moments at lower temperatures. This corresponds to the ferromagnetic coupling of the 

RE moments and antiparallel coupling of small Mn moments, observed by neutron diffraction 

measurements below the transition point of 25°K (Reference 36). 

The /1 and values in Table VII refer to one RE atom, i.e., the calculations are based 

on the formulas REMn3 83, REMn12, and REMn2. 

DISCUSSION 

A detailed and fundamental interpretation of the above given measurements is made rather 

complicated by the following facts: 

In the RE-Mn compounds both the RE atoms and the Mn atoms bear a magnetic moment. 

Therefore, not only the same problems arise which are encountered when the magnetic 

32 



AFML-TR-66-366 

Figure 16. Reciprocal Susceptibility 1/x of GdMn-, 
D 

DyMiig, and ErMn2 Versus Temperature 
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acUon between RE^ndT Mn sublTtüces ^uch^ inter irti pr°blems because of the inter¬ 
but also the value of the moments attributif ter^ct|on can change not only the direction, 
can not even be reKarte7aT alwavs S,?! eaCh a,fm- For example* ^ moment of Mn 
moments may be changed by electron ïra^erZ b"y “crysSdXts.8' ^ 

pounds ^^now^reachedTpmm width nofo61!0 ^ slr!'ctural proPert,es of RE-Mn com- 
cautious interpretation. P 1 ly allows but seems to necessitate at least a 

Y6“”23 maY ^ used as “ «“«ing Point, since Y bears no detectable moment, only the 
Mn atoms contribute to the ,t or ^ value. These va,ues are nearly ^ same ^ 

” momenteSrttprotlmartely oTu ‘1"^'' moments couple Parallel. Mn bears w owmateiy u.o to 0.6 ß R this compound. This value agrees well with 

neutron diffraction measurements on a-Mn (Referenrp'tqt 
in general also to other RF-Mn a Ierence ^9). The same moment seems to apply 
each Mn atom with increasing RF mr>P 7t S’ h°wever’ a decrease of the magnetic moment of 
Er Mm (Reference 36^ wíchsu^sSd^"^ - ^utron ^^«on measurements on 

t n suœested an Mn moment near zero, can be differently inter¬ 
preted with a moment of up to 0.3 for Mn and canted spins. 

eff ValUeS °f ^ 0ther RE6Mn23 ^Pounds agree well with the concept that there 
are RE ions present and Mn has a moment between 0.2 and 0.6 M 

R 

The temperature dependence of 1/Xg seems to necessitate some sort of ferrlmagnetic 

parfsorf between" C°T,USi0n iS SUpIX>rted bY a ^"t- H- ana ^eff values with the RE moments. For example, the measured 

M so DygMn^ and Er6Mn23 can only be obtained (if an alteration of the RE moments 

couple SpTràlT by CryStal ,leld qUenChlng 1SeXCludet1» 11 ttP majority of the Mn moments 

Gd6Mn23* however, has a ft value which is higher than the ft value of the Gd3, ion and 

cSon.^ÄÄ seems XtJ™* T'*?™ 38>- 
Which does not follow Curie-Weiss behavior. ^ ^ temperature dependence of 1/X g. 

The temperature dependence of the magnetisation of the RE Mn,, compounds (see Ref- 

Er6M^3 is «it a curve with conUnuously decreasing slope (as. e.g., V^nifbufLs at 

least one point of inflection „ear 200'K. Obviously from T down to 200-K only a gradual 

Ä -mXÄy ïeeiob“r2y“uï 
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The RE6Mn23 structure contains 116 atoms in the unit cell. Although the RE positions are 

lerent Held strengths in a varied and complex way. The behavior of Gd Mn e g . may 

be explained by a simple two sublattice model, i.e., that below Tc first all Gd moments couple 

SSi'iFH —r case all Rh6M„23 compounds must be regarded as ferrlmagnetlc at temperatures 

immediately below T. and at low fields. Then with decreasing temperature, depending also on 

passed^uibmatelv aS ^ !!rimagnetlc or even “"tlferromagneUc structures are 

complete Psrallef coupling ^al^rnoment^m^e^cas^onJdgMn^^mid ccunp'le^antipai^nei 
coupling of all Mn moments wiu, the RE moments in the other REgMi^ compounds is achieved. 

witt^eSeÍcãl^fdÍrauÕ^ê Zcf^” ^ axPerime"tol and is consistent 
RCgM^g com.urlroZ-be^rnlÄ^^^ 
especially difficult in the case of Gd Mn 

6 23' 

A similar mechanism may be operative on the behavior of the REMn compounds. Although 

1 he nei[ values are consistent with the moments of RE3* Ions and a moment between approxi- 
mately 0.2 and 0.5 for each Mn atom. 

Finally, the REMn2 compounds also occur in different magnetic states, anUferromagneUc 

Z^e.r m r^STiTa 01^™^.'^°^' iZ 
lu thTRTaLTsSïï:.l,e"„,,heSe M" h‘S a 100^,^0.2°^^^ 

interafti« oi dRferenfffrÍima“ sítef The" ¡ST»,™!* ^ * mUtUal 
mrther investigations, especial, 
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