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GENERAL INTRODUCTION 

V O 
Since its discovery by Onnes ' in 1911 and accelerated by the basic 

understanding provided by the theory of Bardeen, Cooper and Schrieffer^ in 

1957, superconductivity has provided the motivation for innumerable publi

cations.^ Magnetic phenomena have been known since ancient times® and 

advances in both fields have provided reasonably complete descriptions of 

the major features of superconducting materials as well as the large varie

ty of magnetically ordered materials. Due to new discoveries, both subjects 

remain active areas of research. A notable example is the systematics of 

the occurrence of superconducting materials and the prediction of super

conducting critical temperatures or at least an understanding of observed 

critical temperatures. At this time, it is still impossible to predict 

from first principles the superconducting critical temperature of a par

ticular material or even to predict with certainty whether a specific 

material will or will not become superconducting. However, empirical rules 

exist for some classes of materials, such as the Matthias e/a rule^ 

which is fairly reliable in accounting for the superconducting transition 

temperatures in some systems of binary compounds.® 

These fundamental questions, together with the potential 

technological applications in superconducting wires, magnets, generators 

and logic devices are strong motivating forces for finding superconducting 

materials with desirable or unusual physical and mechanical properties. 

While ternary materials which are superconductors have been known for some 
g 

time, only in the last decade have intermetallic compouds of more than 

two elements been recognized for their potential to exhibit physical 
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properties unknown or very rare among the elements and binary compounds. 

The Chevrel phase materials (REMOgSg)^ and the rare-earth rhodium borides 

(RERh^B^)^® were the first examples of the "new" field of ternary super

conductors. Because of their extraordinarily high upper critical fields 

(as high as 60 T)the Chevrel phase compounds are already being con

sidered as starting materials for the production of superconducting wires. 

Both classes of compounds exhibit coexistence of long-range antiferro-

magnetic order and superconductivity in some of their members " , which 

is entirely unknown among the elements or in binary compounds. ErRh^B^^® 

and HoMOgSg^^ exhibit re-entrant superconductivity wherein the material 

becomes superconducting on cooling and then at a lower temperature re

enters a normal conducting and ferromagnetically ordered state. 

In these two materials, there appears to be a narrow temperature 

region in which a complex oscillatory magnetic state, perhaps with nonzero 

magnetization, coexists with superconductivity.^®'^® Considerable prog

ress has been made in a theoretical understanding of these and other 
20 phenomena although many important questions remain unanswered. The per

sistence of superconductivity in the presence of such large concentrations 

of magnetic ions is unknown among the elements or in binary compounds in 

which the superconducting transition temperature is ordinarily rapidly 

depressed by the introduction of even a few percent of magnetic material. 

J regular sublattice of magnetic ions present in some ternary compounds 

appears to be the major difference which allows these unique phenomena to 

occur. The depression of the superconducting transition temperature by 

paramagnetic impurities randomly distributed in a material is well 
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described by the theory of Abrikosov and Gorkov, and more recent theories 
22 23 

which take various other effects into account. * None of these theo

ries, however, adequately describes the magnetic superconductors such as 

ErRh^B^. 

These discoveries have led to great activity in the search for other 

ternary superconductors exhibiting similar properties. At present, there 

are over 25 such ternary systems,which in most cases are largely un

explored. In many of these new materials, the magnetic behavior, while 

perhaps not so dramatic as the coexistence phenomena, is nevertheless 

very striking. HoRh^B^, unlike ErRh^B^, is not superconducting, but 

orders magnetically at 6.7 K in excellent agreement with mean field 
26 

theory. The dependence of the magnetic ordering temperatures of the 

rhodium boride or Chevrel phase compounds on the rare-earth involved 

deviates strongly from that expected if the RKKY interaction were the 

27 dominant interaction. Neither of these features is at present fully 

understood. Ternary materials are providing new insights into the 

physics of superconductivity, long range magnetic order and the competi

tion between these two collective phenomena. 

While the two most extensively studied ternary systems (rare-earth 

rhodium borides and Chevrel phases) remain active subjects for investiga

tion, several other new ternary systems exhibit unusual properties worthy 

of investigation. Several superconducting ternary systems involving 3-d 

elements have recently been reported. In particular, ternary compounds 

involving Fe and Co have been reported superconducting with transition 

temperatures as high as 6.1 K. Binary superconductors involving Fe or Co 
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Table 1. Selected superconducting phases with Fe or Co 

Compound Structure type T,(K) Reference 

CeCog Laves Phase 1.0 28 

HfgCo TigNi 0.56 8 

La^Co FegC 4.28 29 

CoSig CaFg 1.22 30 

ThyCOg ThyFeg 1.83 31 

CoTi W 0.71 8 

TigCo TigNi 3.44 31 

CoU CoU 1.7 32 

UgCo UgMn 2.3 32 

CoZrg CuAlg 7.0 33 

CoZr, - 3.9 33 

Y4CO3 HO4CO3 2.5 38 

SCgCo^Si^Q SCglrASiio 4.9 34 

ThyFeg ThyFes 1.86 31 

UgFe UgMn 3.9 32 

LUgFegSig SCgFegSig 6.1 35 

5 SCgFegSig 4.5 35 

YgFe^Sig SCgFegSig 2.4 35 

TmgFeaSig SCgFeaSig 1.7 36 

LaFe^P ̂ 2 LaPe^P^g 4.1 37 



5 

are very rare; a search of the literature yields only those compounds 
OC 

listed in Table 1. Two ternary systems containing iron, REgFe^Sig and 
37 34 

REFe^P-jg, and one containing Co, REgCo^Si^g, have recently been re

ported. Fe and Co are ordinarily considered unlikely elements for super

conductivity, and indeed are popular choices for studies of the effects of 

paramagnetic impurities on superconductivity. In these new systems, how

ever, the 3-d elements seem to actually encourage the occurrence of super

conductivity, often yielding superconducting transition temperatures 

higher than found in the analogous binary compounds (see Table 1). The 

compound Lu^Ru^Sig, for example, exhibits no superconductivity above 1 K 

even though it is isostructural and isoelectronic with LUgFe^Sig, which 
OQ 

becomes superconducting at 6.3 K. TrngFe^Sig has been reported to be a 
oc 1 £ 17 

re-entrant superconductor joining ErRh^B^ and HoMogSg and three 

ternary stannides^^'^^ as the six such compounds reported. 

The systematics of the occurrence of superconductivity among the 

ternary compounds are, if anything, less clear than in the case of binary 

compounds. For some systems modifications of empirical rules successful 

for predicting trends among the binary compounds are moderately useful, but 

13 such rules are of very limited scope. If any trends are to be discerned, 

systematic and complete investigations of more of the ternary systems will 

be required. As the number of candidate systems grows larger, however, the 

choice of a model system becomes a growingly acute problem if the greatest 

benefit is to be gained from a given expenditure of effort. For the work 

presented in this dissertation, the system REgFe^Sig has been chosen for a 

number of rea-sons. We have attempted to address various questions re
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garding unusual physical properties of these materials such as the role of 

Fe in determining the superconducting properties, the nature of the re

entrant superconductivity reported in Tm^Fe^Sig, an understanding of the 

enormous effects of pressure and alloying on the superconducting transition 

temperatures, the systematics of the magnetic order and other questions. 

We have been more or less successful in these goals and have pursued 

various other questions which arose only as investigations continued, in

cluding anomalous critical behavior, strong crystalline electric field 

effects and indications of two band superconductivity. 
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EXPERIMENTAL DETAILS 

All samples used in this study were prepared by arc-melting mixtures 

of the elements in a Zr-gettered argon atmosphere. In most cases, the 

elements were mixed in stoichiometric amounts and weight losses were less 

than 0.5 percent, often much less. The sources and purities of the ele

ments used are listed in the Appendix. Details of the sample preparation 

are given in each of the sections which follow. As standard procedure, 

powder X-ray diffraction data were taken using a Rigaku diffractometer and 

the ac susceptibility measured using a low frequency inductance technique 

from 1.2 to 20 K on each sample. In many cases, other measurements were 

performed the details of which are given in the sections which follow. 

Calorimetry 

All of the heat capacity measurements were performed on a heat pulse-

type calorimeter constructed for this purpose. The cryostat is designed as 

an insert to existing helium dewar and gas handling systems. Several 

factors were considered in the design of this calorimeter. The following 

features were desired: 1) a working temperature range of 0.5 to 30 K; 2) 

insensitivity to mechanical vibrations; 3) long operation times (several 

hours to a few days); 4) economic use of liquid helium; 5) rapid realiza

tion of the lowest temperatures; and 6) simplicity of data collection. 

To meet these requirements, a design used successfully at the Univer-
A O  

sity of California at San Diego, with some modifications, was decided 

upon. This design employs a modification of an adiabatic calorimeter. 

The lower portion of the calorimeter is indicated in Figure 1. The indium 
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1. Flanges 
2. Indium 0-ring 
3. Vacuum can 
4. Vacuum can pumping line 
5. Coneva 

A. He3 condenser 
B. He^ evaporator 

6. He^ precogler (partially 
shown)/He3 return line 

7. He3 inlet 
8. He3 pot 
9. He^ pumping line 

10. He^ inlet (partially 
shown) 

11. He pumping line 
12. Mechanical heat switch 

actuator rod 
13. Radiation shield support 
14. Radiation shield 
15. Nylon addenda support 
16. Gold plated heat switch 
17. Gold plated addenda 

A. Upper half 
B. Lower half 

Figure 1. Lower portion of heat capacity cryostat 
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0-ring seat arrangement shown here has been found to be very reliable. 

There are pumping lines for the vacuum can (not shown), the He system and 

the He^ system. The He^ system consists of the following: an opening in 

the flange to allow He^ from the bath surrounding the vacuum can to flow 

in through a 1/64" O.D. capillary to a chamber half-filled with sintered 

copper. A wire is inserted into the capillary to increase the flow im-

pedance. Pumping on this chamber will cool the coneva (He condenser/ 

He^ evaporator) to about 1.2 K and maintain this temperature for an in

definite time period. 

The first section of the He^ system is a 1/8" line for the supply 

of He^. This passes through a chamber on top of the flange, precooling 

the He^ to 4.2 K. From there, the He^ flows through a capillary to the 

3 3 condensing side of the coneva where the He condenses. The liquid He 
3 

then flows through a 1/64" capillary to the He pot, a bellows which also 

supports the sample area. The central support of the calorimeter serves 

as the He^ pumping line. The back end of the He^ pump Is then routed to 

the He^ return line. 
o 3 

The He pumping line serves as a heat switch. Once filled with He 

or He^, the interior of the vacuum can will cool, without the introduction 

of exchange gas into the sample area. The avoidance of helium adsorbed 

onto the sample is crucial to the determination of small heat capacities. 

An additional mechanical heat switch to the sample holder itself is 
O 

provided by a rod from the He pot/bellows to the sample. The heat switch 

is actuated by a screw mechanism at room temperature on the top of the 

probe. The sample and addenda are supported by a thin-walled (0.005") 
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nylon support. This has several advantages over the more common nylon 

thread supports. The rigid support provides the sample with an environ

ment which is insensitive to mechanical vibrations, important when dealing 

with samples of small heat capacities and temperatures below 1 K. The 

rigid support also allows a mechanical heat switch to come into direct 

contact with the addenda, with the consumate simplicity of heat switch 

design and ease of cooling the sample. The heat leak through the rigid 

support is still small enough to readily admit accuracies of better than 1 

percent in the heat capacity. 

Figure 2 shows the gas handling system. This arrangement provides 

great flexibility for the pumping of the various volumes available. The 

right half of the system is primarily intended for the pumping on the 

vacuum can itself. This system consists of a Sargent-Welch 1402 mechanical 

pump, a Varian HS-2 oil diffusion pump, supply lines for He, dry Ng and 

air, and the associated pressure gauges. This system is capable of 

achieving a vacuum of 10"^ T. The left half of the gas handling system is 

a closed system intended for handling only He^. Valve 12 is normally kept 

closed, separating the two systems. 

The He3 system consists of a Sargent-Welch 1402 mechanical pump, a 

Veeco EP 2A-1 oil diffusion pump, a cylinder of He^, a cold trap and the 

associated input and output ports. Normal operation of the He^ pot at low 

temperatures involves the following: the cold trap filled with liquid Ng, 

the diffusion pump warm and the mechanical pump running. Values 1, 3, 4,6, 

7, 8, 10, 11 would be open. Valves 2, 5 and 9 would be closed. It is 

important to note that the gas coming out the exhaust end of the 1402 pump is 
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Figure 2. Gas handling system 
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circulated back into the system. In this way, the system can operate in-

definitely using small amounts of He . 

Figure 3 shows a block diagram of the electronics used with the 

calorimeter, consisting of two major sections: 1) a heater section, and 

2) a thermometry section. The thermometry section consists of four 

thermometers, a selector,a commercial (SHE Corporation) potentiometric con

ductance bridge (PCB) and a strip chart recorder. Three of the four 

thermometers are germanium resistance thermometers (GRT) (S/N 6415, S/N 

6273 and S/N 7704 from Cryo-Cal). The fourth thermometer is a Pt resis

tance thermometer. The GRTs have response times on the order of 3 msec and 

have very small heat capacities, making them appropriate for heat capacity 

measurements. The sample thermometer (S/N 6415) has varnished copper leads 

for good thermal contact to the sample/addenda. GRT S/N 6273 sits on the 

He^ pot which is in direct contact with the sample radiation shield. GRT 

S/N 7704 is attached to the coneva to help monitor this stage as is the Pt 

thermometer to aid in monitoring the initial cool down of the apparatus. 

Each of these thermometers is connected to a selector box which 

selects the thermometer to be monitored by the PCB. The PCB uses a four 

probe low frequency (27.5 Hz) technique for measuring the conductance of 

the thermometers. An output of the PCB provides the difference between 

the actual conductance and a set conductance, determined by a ten turn 

potentiometer, which is then sent to the strip chart recorder. The PCB 

provides a simple, reliable and accurate method for measuring tempera

tures. 



Coneva 

He pot 

M Thermometer 

CRT 6273 

GRT 7704 

Radiation Shield 
Heater 

Digitec 8 510A 

Digital Timer 

Heat Capacity 
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Heater 1 

Standard 

Selector 

Houston Instrument! 

Strip Chart Recorder 

Thermometer Selector 

Switch 

Potentiometric 
Conductance 
Bridge 

GRT 6415 

Cryostat 

Figure 3. Heat capacity apparatus block diagram 
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The heater portion of the diagram consists of two heaters, a selector 

box, a current controller, two current sources, a digital timer and a 

digital voltmeter. The sample heater consists of about 30" of 0.001" 

diameter Pt-W wire, with a resistance of 1000 ohms at 300 K, wrapped onto 

the bottom half of the sample holder. The sample heater has two manganin 

current leads and two voltage leads, one connected at the sample, the 

other to the manganin current lead at the radiation shield, where all 

leads are thermally grounded. In this way, the heat developed in only one 

of the current leads is accounted for in determining the total power dis

sipated through the heater. Each current lead is about 4 ohms or 0.4% of 

the total heater resistance. This method approximately accounts for the 

heat generated in the current leads which is lost to the radiation shield. 

Using the lead compensation method, the accuracy of the power of the heat 

pulse should be better than 0.1%. The second heater is wrapped on the 

radiation shield support. This heater is used to provide temperature con

trol of the radiation shield. 

The selector box contains a 1000 ohm wire wound resistor in series 

with the sample heater. Measuring the voltage drop across this standard 

and the voltage drop across the heater yields, using Ohm's law, the power 

provided by the heater. The standard resistor also provides a means of 

monitoring the current through the auxiliary heater. The current con

troller (Figure 4) provides a reliable, bounceless switch for the current. 

The controller switches the current provided by the constant current 

source from a 1000 ohm dumrny resistor to the heater and at the end of the 

pulse automatically back to the dummy load. This controller is essen-
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43 
tially identical to that described by Goodrich. The controller produces 

a nearly bounceless, reproducible pulse the duration of which is measured 

with the digital timer. 

The constant current source (Figure 5) is a simple operational ampli

fier constant current supply, built with wire wound resistors for greater 

stability. The operational amplifier used is the OP-07, a stable low 

current op amp from Precision Monolithics. This current source provides 

currents stable to 1 part in 10® for the duration of the heat pulse (2 sec 

to 5 min). A Keithley 192 programmable digital voltmeter is used for 

voltage measurements. The storage capability of this multimeter makes 

possible the measurement of both the standard resistor voltage (providing 

the current) and the heater voltage during a 2 second pulse. 

The GRTs were calibrated in the range 0.9 to 30 K using the tech-
44 niques, equipment and assistance of M. S. Anderson and C. A. Swenson. 

The thermometers were first dipped into a liquid helium dewar 10 to 12 

times and measured with the cryobridge discussed in reference 49 to check 

their reproducibility at 4.2 K. This relatively quick step can reveal 

unreliable thermometers before undertaking the entire calibration proce

dure. The thermometers discussed here all showed a high degree of repro

ducibility in these tests. 

The thermometers were calibrated against a standard GRT noted for its 

reliability, longevity and accuracy. Forty-two data points were collected 

in the range 0.9 to 30 K. A least squares fit of these data to the form 

N 
ln(T) = z A. ln(R) (1) 

i=l ^ 
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Figure 5. Circuit diagram of constant current source 
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was made. This fitting procedure minimized the sum of 

(T - (2) 

the absolute deviations in T. Seventh to ninth order fits covering three 

overlapping temperature ranges resulted in reasonable root mean square 

deviations (less than 0.5 mK) given by the standard form 

(4) 

For 6RT S/N 6415, the thermometer intended for use as the sample 

thermometer in the calorimeter, the coefficients of these fits, however, 

were found to be large and highly sensitive to small changes in the data. 

By scaling the data using the relation 

ln(R) = Ax + B (5) 

with A and B chosen such that -1 <= x <= 1, a much more satisfactory fit 

resulted. Fitting the full temperature range, 0.9 K to 30 K, to 

N 
ln(T) = E A.X (6) 

i=l 1 

resulted in a RMSD = 0.25 mK for a polynomial of degree 13. Including 

more terms than this only marginally improved the fit, while a polynomial 

of degree 12 yielded a RMSD = 0.44 mK, significantly higher. Fitting the 

data without scaling the resistance values could not achieve as good a fit 

even with a much higher degree of fit. Moreover, using the scaling pro

cedure, the coefficients are stable with respect to small changes in the 

data. Using the fits of the unsealed data required more than 10 digits 

of accuracy to achieve the desired accuracy in the calculated tempera

tures. Ten digits of accuracy were ample using the scaling technique. 
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allowing the results of the fit to be used on a programmable calculator 

for use during heat capacity data collection. 

Two thermometers required calibration below 1 K for use in the 

calorimeter. Thermometers S/N 6415 and S/N 6273 were chosen for this pur

pose since they are the most sensitive of the thermometers in the tempera

ture range 0.3 to 1 K. The other thermometer's resistances rise too 

steeply in this region to be used accurately below 1 K. These thermome

ters were calibrated against a Cryocal GRT (S/N 17708) provided with cali-
3 

bration to 0.3 K. The two GRTs to be calibrated were mounted on the He 

pot of the calorimeter with GE 7031 varnish in close proximity to each 

other. Conductance measurements were made using an SHE potentiometric 

conductance bridge (PCB). A data point consisted of an average of at 

least three measurements on each thermometer. A data point was not kept 

if the temperature varied by more than 1 mK during these measurements. 

Sixteen data points were collected in this manner in the region 0.35 to 

1.4 K. These data were fit in a manner similar to that described above, 

yielding a RMSD = 0.25 mK. The two calibrations agree to 0.1% in the 

overlap region. These results have been incorporated into programs writ

ten for an HP-97 calculator, eliminating the need for referral to tables 

of temperatures and the interpolation that such tables require. 
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SCgFegSig-TYPE CRYSTAL STRUCTURE 

The ScgFegSig-type crystal structure was first reported by Bodak et 

al.and the range of formation of this structure type upon substitutions 

of other rare-earths for Sc and other transition metals for Fe has been 
OQ 

studied by Segre who reported 37 compounds with this structure type. The 

46 RE-Fe-Si equilibrium phase diagrams have been studied for RE = Sc, Y and 

Gd^^ indicating 14, 7 and 8 ternary compounds, respectively, in these sys

tems. Superconductivity has been reported for YgFe^Sig, ScgFe^Sig, 

LUgFe^Sig,^^ TmgFegSig^G and YgRe^Sig.^^ ScgFe^Sig crystallizes in a 
O O 

tetragonal unit cell with lattice parameters a = 10.225 A and c = 5.275 A 

and belongs to the space group P4/mnc. The crystallographic data for 

SCgFe^Sig are summarized in Table 2. Figure 6 indicates the structure of 

SCgFegSig as viewed along the c-axis. There are two crystallographically 

distinct Fe sites and three crystallographically distinct Si sites. The 

coordination numbers of Fe(l), Fe(2), and Sc are 13, 12 and 20, respec

tively. 

The relatively high coordination numbers and low symmetry of the Fe 

and rare-earth sites play an important role in the physical properties of 

this class of compounds. The absence of clustering of transition metals 

which plays an important role in several other ternary superconducting 
O 

systems is notable. The shortest Fe-Fe distances (2.67 A) are still 

larger than Fe-Fe distances typical of Fe metal of Fe intermetallic com-
O 

pounds. The shortest Sc-Sc distances are 3.70 A which, although shorter 
O 

than the RE-RE distances found in either the rhodium borides (5.3 A) or 
O 

the Chevrel phase compounds (6.5 A), are still larger than the RE-RE 
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Table 2. Crystal!ographic data for ScgFe^Sig 

Pearson symbol 

Space group 
O a 

Lattice parameters (A) 

X-ray density (g cm~^) 

Atomic parameters^ 

tP40 

P4/mnc (No. 128) 

a = 10.225(5) 
c = 5.275(5) 

4.79(1) 

Atom Position 
Point 

symmetry 

Sc 8(h) m 0.0701 0.2500 0 

Fe 8(h) m 0.3790 0.3601 0 

Fe 4(d) 222 0 1/2 1/4 

Si 8( g )  2 0.1779 0.6779 1/4 

Si 4(e) 4 0 0 0.2528 

Si 8(h) m 0.1799 0.4761 0 

®Ref. 36. E.s^d. in parentheses. According to reference 45, a 
.05 A, c = 5.313 A. 10 

^Ref. 45. No E.s.d. were given. 

distances found in the rare-earth metals (3.4 A). The shortest Fe-Si 
o o 

(2.30 A) and Sc-Si (2.57 A) distances are shorter than the sums of the 

corresponding metallic radii (2.76 Aand 2.96 A, respectively) indicating 

48 
considerable covalent character to these bonds. This may in part 

account for the nonmagnetic nature of the Fe atoms in these materials, 

which is discussed in detail below. Table 3 summarizes the crystal-

1ographic data for the eleven samples used in this study. The lattice 
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F#(1) 

F#(2) 

Figure 6. SCgFe^Sig-type crystal structure 
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Table 3. Lattice parameters for REgFe^Sig® 

Compound a(A) c(A) c/a V(A3) 

SCgFesSig 10.220(5) 5.273(3) 0.516 550.8 

^2^83515 10.43(1) 5.480(5) 0.525 596.1 

LUgFegSig 10.352(5) 5.390(3) 0.521 577.6 

10.36(1) 5.396(5) 0.521 579.2 

TrngFe^Sig 10.371(7) 5.409(3) 0.522 581.8 

ErgFegSig 10.388(6) 5.427(4) 0.522 585.6 

HOgFesSig 10.40(1) 5.446(6) 0.524 589.0 

10.418(5) 5.461(4) 0.524 592.7 

7^2^23515 10.43(1) 5.483(5) 0.526 596.5 

Gd^FegSig 10.47(1) 5.521(5) 0.527 605.2 

SmgFegSig 10.50(1) 5.562(5) 0.530 613.2 

^Estimated standard deviation in parentheses. 

parameters reported here are in excellent agreement with those reported by 

Braun,35 differ significantly with those reported by Bodak et al.^^ 
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LOW TEMPERATURE HEAT CAPACITY OF SUPERCONDUCTING 

TERNARY IRON SUICIDES 

I. INTRODUCTION 

Ternary superconductors, particularly the Chevrel phase compounds and 

24 25 the rhodium borides, have been extensively studied in recent years. ' 

A major motivation in this work has been the investigation of the competi

tion between superconductivity and magnetism made possible by the presence 

of a sublattice of magnetic rare earth (RE) atoms. The discovery of 

SCgCo^Si-jQ with a superconducting transition temperature (T^) of 4.9 K 

demonstrated that relatively high T^ may be found among compounds contain

ing 3d transition elements as intrinsic constituents.^* 
32 

Among binary iron compounds, only UgFe (T^ = 3.9 K) and ThyFe^ 
31 

(Tg = 1.86 K) are superconducting above 1 K. Recently, five ternary 

compounds containing iron as the transition metal (REgFe^Sig with RE = 

Lu,Sc,Y,Tm^^'^®'^® and LaFe^P^g)^^ have been reported superconducting. 

The ternary iron silicides, REgFe^Sig, were first reported superconducting 

35 
by Braun in 1980. The properties of these materials are anomalous in 

several respects: (i) the effect of pressure on T^ is among the largest 

known (dT^/dp = -7 x 10"^ K/bar for LUgFe^Sig and SCgFe^Sig and dT^/dp = 

33 X 10"® K/bar for YgFe^Sig);*^ (ii) the rapid depression of T^ with non

magnetic impurities (T^ drops below 1 K for 15% Sc substituted for Lu in 

LUgFegSig);®^ (iii) reentrant superconductivity has been reported in 

TrngFegSigi^^ (iv) there is no magnetic moment on the iron in this struc-
CI CO 

ture as indicated by Mbssbauer spectroscopy; and (v) a commensurate-
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incommensurate magnetic transition has been observed in antiferromagnetic 

TbgFesSIs' 

The low temperature heat capacity for the compounds LUgFe^Sig, 

SCgFcgSig and YgFe^Sig is reported here as part of a systematic study of 

the low temperature properties of REgPe^Sig materials (RE = Sm, Gd-Lu, Sc 

and Y). The low temperature heat capacity of the magnetic rare-earth 

compounds is discussed in the following chapter. 
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II. SAMPLE PREPARATION AND CHARACTERIZATION 

Samples of LUgFe^Sig, SCgFe^Sig and YgFe^Sig of 3-4 gm each were pre

pared by arc-melting stoichiometric mixtures of high purity elements in a 

Zr-gettered argon atmosphere. The resulting ingots were then turned over 

and remelted at least six times to promote homogeneity. The samples were 

then sealed in quartz ampoules with about 300 Torr of argon and annealed 

at 1250°C for 5 days followed by 7 days at 800°C. The resulting ingots 

were shiny, heavily faceted, hard and brittle with cracks over much of the 

surface. 

Powder X-ray diffraction confirms the presence of the 2:3:5 phase 

(space group P4/mnc) with lattice parameters in agreement with those re-
oc » 

ported by Braun. Low temperature powder X-ray diffraction indicates no 

structural transformation above 30 K. In each sample, the X-rays show 

only one or two very weak lines not indexable to the 2:3:5 structure which 

are attributed to small amounts of impurities. Optical microscope investi

gations indicate large grains of 100-200 microns with small amounts of im

purities along the grain boundaries. Microprobe results indicate two 

major impurities of approximate compositions FeSi and REFe^Siy. Total im

purities are estimated to be about 2% by volume in each sample. 

Low frequency a.c. inductance measurements indicate superconducting 

transitions at 6.3 K, 4.4 K and 1.7 K for LUgFe^Sig, SCgFe^Sig, and 

Y g F e g S i g ,  r e s p e c t i v e l y ,  i n  a g r e e m e n t  w i t h  p r e v i o u s  r e s u l t s . T h e  

transitions are sharp (aT^ = 0.2 K) and consistent with bulk superconduc

tivity. 
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Magnetic susceptibility measurements from 5 K to 250 K on a piece of 

the sample of LUgFe^Sig used in the heat capacity measurements indicate a 

paramagnetic susceptibility consistent with an upper limit of 14 ppm free 

iron. Similar measurements on samples of SCgFe^Sig and YgFe^Sig which were 

not used in the heat capacity measurements indicate upper limits of 38 and 

30 ppm free iron, respectively, in these samples. These data are shown in 

Figure 7. 

In addition to the above samples, a series of five samples SCgFe^+gSig 

(6 = -0.5, -0.1, 0.0, 0.1, 0,5) not used in the heat capacity measurements 

was prepared to study the effect of stoichiometry on the superconducting 

properties. These samples were prepared with special attention to the 

relative amounts of Fe in each sample. From a master ingot of SCgSig, 

samples of ScgFeg.gSig and SCgFej.gSig were prepared by adding the appro

priate amounts of Fe. The remaining three samples (5 = -0.1, 0.0, 0.1) 

were prepared by mixing appropriate amounts of these two samples. The 

superconducting transition temperatures of these 5 samples are presented 

in Figure 8, together with the T^ of the sample of Sc^Fe^Si^ used in the 

heat capacity study. X-rays on the off-stoichiometry samples (6 f 0.0) 

indicate increasing amounts of impurities with increasing |6|. The rapid 

depression of T^ and increased impurities with off stoichiometry indicate 

even a few percent of impurities can be readily identified. The results 

of X-ray diffraction, microprobe, T^ measurements and effects of stoichio

metry all indicate no more than a few percent impurities in the samples 

used in the heat capacity measurements. The general high quality of the 

samples used in this study, particularly the samples of LUgFe^Sig and 
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Figure 8. Superconducting transition temperatures (•) of SCgFeg+gSig compounds. [Error bars indicate 
width of the transition into the superconducting state; the transition temperature for 
the sample of ScBFegSig used in the heat capacity measurements is indicated at the right 
(•); the solid line is a guide for the eye] 
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SCgFegSig, and the extensive characterization of these samples play a major 

role in the discussion of the results below. 
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III. EXPERIMENTAL DETAILS 

Low temperature heat capacity measurements were performed using a 

semi-adiabatic heat pulse-type calorimeter equipped with a mechanical heat 

switch, a circulating He^ pot and a circulating He^ pot. Mechanical noise 
3 

introduced while operating the He system prohibited accurate data acqui

sition below 1 K during the measurements, limiting the usable temperature 

range to 1.2 K - 30 K. This problem has since been corrected extending the 

usable temperature range to at least 0.5 K. 

The sample holder consists of gold plated copper in a clamp arrange

ment, providing good mechanical and thermal contact between the sample and 

the sample holder. The sample holder is supported by a rigid, thin walled, 

low thermal conductivity nylon support providing good mechanical stability. 

A mechanical heat switch and thermal shield with a heater provide ambient 

temperature control. A four probe method was used to simultaneously 

measure the current and voltage during each heat pulse of a 1000 ohm Pt-W 

heater wound on the sample holder. The duration of the heat pulse is 

measured with a commercial digital timer. The determination of the total 

heat applied to the sample is believed to introduce no more than 0.1% 

error to the final heat capacity. 

The thermometry consists of a germanium resistance thermometer (GRT) 

and a commercially available potentiometric conductance bridge. The GRT 

was selected for its extended usable temperature range (0.3 K-30 K) and 

calibrated in this laboratory in the range 0.9 K-30 K against a GRT known 

for its stability and reliability as a secondary standard. The calibration 

procedure and equipment is described in Ref. 44. A second calibration, 



32 

overlapping this one, was performed from 0.3 K-2.0 K against a 6RT cali

brated in this range by the manufacturer. The GRT thermometry is believed 

accurate to at least 5 mK at 20 K and 1 mK below 4 K. The temperature 

change during a heat pulse is determined by monitoring the GRT conductance 

on a strip chart recorder. This graphical procedure is believed to be the 

principal source of random error in these measurements. 

As a check of the equipment and procedures used, several runs were 

performed to determine the heat capacity of the addenda (sample holder, 

thermometer, heater and GE 7031 varnish) and a piece of high purity cooper. 

The resulting overall precision in each run and agreement between differ

ent runs was typically better than 0.5%. After correcting for the addenda, 

the precision of the data on copper was better than 1% and yielded y = 
O 

0.688 mJ/Mole-K and 0q = 345 K, in good agreement with the corresponding 

values for the copper reference equation.Typically, the heat capacity 

of the addenda accounted for 35% to 55% of the total heat capacity meas

ured in runs with Cu or the superconducting compounds discussed below. 
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IV. RESULTS 

The low temperature heat capacities of LUgFe^Sig, SCgFe^Sig and 

YgFegSig are shown in Figures 9, 10 and 11, respectively, where C/T is 
O 

plotted against T in the usual manner. A jump in the heat capacity at 

6.3 K, 4.4 K and 1.7 K for LUgFe^Sig, SCgFe^Sig and YgFe^Sig, respective

ly, indicates the transition into the superconducting state. Deviations 

from linearity above T^, especially in LugFe^Sig, are apparent. In each 

case, the data were fit in the temperature range from above T^ to 18 K to 
O C 

C = y^T + e^T + a^T with a root mean square deviation of about 1% (see 
3 5 

Table 4). In each case, the lattice contribution (b^^T + a^T ) represents 

less than 20% of the total heat capacity at T^. In the case of LUgFe^Sig, 

the T^ term is quite large, contributing 13% of the total heat capacity at 

10 K. The rapid variation of the lattice contribution and the higher T^ 

(6.3 K) contribute somewhat smaller and larger, respectively, than the val

ues resulting from the fit. No such discrepancy exists for SCgFe^Sig, 

where the normal state data are more well behaved (i.e., the T^ contribu

tion is smaller) and T^ is lower. 

The jump in the specific heat at T^ is sharp for LugFe^Sig (AT^ = 

0.3 K) and SCgFe^Sig (AT^ = 0.35 K). The jump at T^ for YgFe^Sig is rela

tively broad (aT^ = 0.5 K) with significant contributions to C(T) from the 

superconducting state as high as 2 K. The somewhat lower value of T^ than 
35 

previously reported and the broadened transition into the superconducting 

state suggests the YgFe^Sig sample is somewhat lower in quality than the 

other two samples. In each case the normalized jump in the heat capacity 

at Tg, AC/y^Tg, is significantly reduced from the BCS value of 1.43 (see 
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Table 4. Superconducting and normal properties of ternary iron silicides 

Units LUgFegSig SCgFe^Sig 

K 6.25±0.15 4.46+0.2 1.68±0.25 

^n mJ/Mole-K^ 27.8 22.2 19.4 

^n mJ/Mole-K* 0.170 0.110 0.165 

°'n mJ/Mole-K® 7.97x10-4 8.82x10"^ 1.77x10"* 

K 485 561 490 

AC mJ/Mole-K 173.0 80.3 25.4 

AC/YnT, 0.99 0.81 0.78 

^s mJ/Mole-K^ 10.14 13.6 -

Gs mJ/Mole-K* 1.346 - -

N(0) sts./eVratom-spin 0.59 0.47 0.41 

X 0.51 0.45 0.39 

MW gm/Mole 657.9 397.9 485.8 

Table 4), being less than 60% of the BCS value for ScgFegSig and YgFe^Sig. 
57 

Electron-phonon coupling constants calculated using McMillan's formula 

with y* = 0.1 (Table 4) indicate these materials are intermediate coupled 

superconductors. 

Below Tg, the heat capacity of LUgFe^Sig is remarkably simple (see 

insert Figure 9). From 2.4 K to 6 K, the data can be described by C = 

YgT + 6gT^ = 10.14 T + 1.346 T^ mJ/Mole-K to within experimental error 

(0.7%). The linear term here is about 35% of the linear term in the normal 

state. Below 2.4 K, a small anomaly consistent with 1-2% of impurities 
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entering a superconducting state is evident. The heat capacity of 

SCgFegSig below similarly shows a large linear term (see inset Figure 

10). Extrapolation of the lowest temperature data for SCgFe^Sig indicate 

Yg = 13.6 mJ/Mole-K^ or 61% of the normal state gamma = 22.2 mJ/Mole-

K^). The data on YgFe^Sig do not extend sufficiently below the T^ of this 

sample to permit estimating however, entropy matching considerations 

suggest y g f 0 in this case also. 
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V. DISCUSSION 

The anomalously large contribution observed in the normal state 

heat capacities of these materials, especially in LUgFe^Sig, suggests a 

rather complex phonon density of states. Deviation from T in the lattice 

contribution to the heat capacity has been reported for other ternary 

superconductors^®'^® and may be a rather general consequence of the complex 

phonon density of states which may be expected from the complex crystal 

structures of these materials. 

More notable are the results for measurements in the superconducting 

states of these materials. The reduced normalized jump at T^ and the large 

linear term below T^, evident in these data, are quite unusual. There are 

several possible origins for a linear term in the superconducting specific 

heat and a reduced normalized jump at T^; (i) the presence of bulk amounts 

of normal impurities or large inhomogeneities; (ii) the presence of small 

amounts of impurities with a large y; (iii) a gapless or mixed supercon

ducting state induced by some pair breaking mechanism; or (iv) the exis

tence of a region (or regions) of the Fermi surface which does not partici

pate in superconductivity. We will consider each of these broad cate

gories in turn. 

The rather extensive characterizations of the samples discussed above 

serve to address (i) and (ii). Estimating conservatively, there are at 

most S% impurities in any of these samples. Further, the microprobe re

sults indicate those impurities are concentrated at the grain boundaries 

and are not incorporated into the 2:3:5 phase matrix. The sharpness of 

the transition into the superconducting state as indicated in both a.c. 
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inductance and heat capacity measurements indicates good sample homogenei

ty, ruling out (i) above. 

AttributingYg in LUgFe^Sig to impurities of 5% of the material yields 

a Y^-p,p = 0.31 mJ/g-K^. This is much larger than the y of any of the 

elements, except o-Mn (y = 0.32 mJ/g-K ). This comparison becomes 

worse, indicating an even larger for the case of SCgFe^Sig or if 

impurities constitute less than 5% of the material, as is very likely. 

Thus, (ii) leads to unreasonable estimates for the heat capacity of the 

supposed impurities. Turning now to (iii), several sources of pair-

breaking are plausible in view of the large concentration of Fe present in 

these materials. However, the magnetic susceptibility measurements shown 

in Figure 7 indicate paramagnetic impurities are present in concentrations 

too low to play a major role in the superconducting properties of these 

materials. Regardless of the source of the pair-breaking, however, a large 

amount of pair-breaking would be required to induce the large linear terms 

observed. This would imply a T^ in the absence of pair-breaking at least 

several degrees higher than observed in these materials. No evidence of 

larger T^'s has been found in our work, nor reported in the literature. 

This implies the source of pair-breaking would have to be intrinsic to the 

material and nearly independent of preparation technique. The absence of 
Rl 

a moment on the iron atoms as indicated by Mbssbauer studies ~ and the 

absence of clear multiplet splitting due to the Fe in XPS measurements on 

our samples suggests the iron is not the source of pair-breaking. While an 

intrinsic pair-breaking mechanism cannot be entirely ruled out at this 

time, it does seem highly unlikely. 
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This leaves (iv) which is essentially a two band model in which one 

band remains normal. This is entirely consistent with our results, with 

representing the density of states of the normal band and the total 

density of states. In order for the normal band to remain stable against 

condensation of Cooper pairs, it must have a net repulsive electron-

electron interaction and be at most very weakly coupled with the super

conducting band(s) (see for example Ref. 61). The topologically complex 

Fermi surfaces typical of 3-d transition metals, and especially so for 

ternary materials, may well provide the necessary pockets of electrons to 

explain the anomalous superconducting properties of these materials. The 

dramatic pressure and alloying properties can be understood in this model 

as arising from the rapid changes which might be expected in these pockets 

of electrons, both in surface area of the pockets in momentum space and 

topology of the surface in general, with a pressure-like variable. Band 

structure calculations would be very useful in this respect. 
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VI. SUMMARY 

Anomalous behavior is observed in the superconducting properties of 

LugFegSig, SCgFCgSig and YgFe^Sig. Low temperature specific heat measure

ments indicate a large linear term in the superconducting state and a re

duced jump in the specific heat significantly less than the BCS value of 

1.43, indicating normal electrons in the superconducting state. These 

properties can all be understood in terms of a topologically complex Fermi 

surface in which pockets of electrons remain in the normal state well 

below T. c 
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LOW TEMPERATURE HEAT CAPACITY OF ANTIFERROMAGNETIC 

TERNARY IRON SUICIDES 

I. INTRODUCTION 

Much attention has been focused on the competition between super

conductivity and magnetism observed in several ternary rare earth com-

12 pounds. Even in the absence of superconductivity, however, a complete 

understanding of the nature of the magnetic order in many of these com

pounds is still lacking. Particular attention has been given to the 

27 anomalous magnetic ordering temperatures in the RERh^B^ compounds and 

the striking mean field-like ferromagnetic transition observed in 

HoRh^B^.^® The recent discovery of superconductivity and magnetism in the 
OC 

REgFegSig compounds presents another ternary system in which the super

conducting and magnetic properties depend strongly on the choice of the 

rare earth. 

Mossbauer studies on REgFe^Sig compounds utilizing the ^^Fe reso-

nance^^"^^ indicate the iron atoms carry no magnetic moment in either of 

the two crystallographically distinct Fe sites. Mossbauer measurements 

using the^®^Dy resonance in DygFe^Sig^^ indicate a magnetic moment at the 

Dy site (7.0 Vj^) which is significantly reduced from the free ion value 

(10.6 pjj). Antiferromagnetic order, as determined by susceptibility meas-
53 

urements, has been observed for REgFe^Sig compounds with RE = Gd - Tm. 

Observation of a commensurate-incommensurate antiferromagnetic transition 

by neutron diffraction in TbgFe^Sig^^ and the possibility of reentrant 
Og 

superconductivity in TrngFe^Sig provided motivation for our present study 
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of the low temperature heat capacity of the REgFegSigfRE = Sc, Y, Sm, 

Gd-Lu) compounds as a means of better understanding the nature of the 

superconductivity and magnetic order in these materials. The low tempera

ture heat capacity data of the magnetically ordered REgFe^Sig compounds 

(RE = Sm, Gd-Yb) are reported here as part of a systematic study of 

ternary rare earth iron silicides. 
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II. EXPERIMENTAL DETAILS 

Samples of REgFe^Sig (RE = Sm, Gd-Tm) were prepared by arc-melting 

stoichiometric mixtures of the elements in a Zr-gettered high purity argon 

atmosphere followed by successive heat treatments at 1200°C, 1000°C and 

800°C for two days each in quartz ampoules filled with an argon partial 

pressure of 150 Torr. Following this treatment, the sample of SmgFe^Sig 

showed physical deformation and assumed the shape of the quartz ampoule. 

This observation indicates the melting point of SmgFe^Sig is at or below 

1200°C. No indication of melting was observed in any of the other samples 

following this heat treatment. The sample of YbgFe^Sig was prepared in a 

somewhat different manner due to the relatively low boiling point and high 

vapor pressure of Yb. A nearly single phase sample of YbgFe^Sig was pro

duced by arc-melting a eutectic composition of iron and silicon (20.5 

at.^Si) with an excess of Yb over that required for a stoichiometric sam

ple. This procedure was followed by melting in an additional amount of Si 

to achieve the stoichiometric composition. A sample of this "as cast" form 

was chosen for use in the heat capacity measurements since the annealing 

process resulted in a significant loss of Yb. 

Powder x-ray diffraction patterns indicate all samples are single 
35 

phase with lattice parameters in good agreement with previous results. 

Low frequency ac inductance measurements indicate antiferromagnetic order-
CO 

ing temperatures also in good agreement with previous results. Details 

of the low temperature heat capacity measurement technique are discussed 

above. 
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III. RESULTS 

We first discuss our results for the low temperature heat capacity of 

each of the eight compounds REgFegSigfRE = Sm, Gd-Yb) on an individual 

basis and then point out trends observed throughout the series. In each 

case, the total heat capacity, after correcting for the addenda in the 

where is the nuclear contribution arising from the interaction of the 

nucleus with the effective magnetic field at the nucleus, is the mag

netic contribution arising from the electrons in the unfilled 4f-shell of 

the rare-earth ions (assuming no direct contribution from the iron ions), 

Cg is the usual electronic contribution and is the lattice contribution. 

For each sample in this study, the electronic and lattice contribu

tions to the heat capacity are assumed to be identical to that found in 
go 

LugFCgSig. A parameterization of the normal state heat capacity of 

LugFegSig has, therefore, been subtracted from the heat capacity of each 

sample reported here. Thus, in the following discussion, unless otherwise 

specified, the heat capacity referred to is given by 

where (Lu) refers to the appropriate values for LUgFe^Sig. This assumption 

appears reasonable for all eight samples considered. 

Several of these materials exhibit a relatively large nuclear Schottky 

anomaly. The contribution to the heat capacity from a nuclear Schottky 

anomaly at temperatures well above the maximum in the anomaly is expected 

to behave like 

usual way, is expressed as 

(7) 

C = C - Cg(Lu) - C^(Lu) = (8)  
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Cp/R = Cg/T? (9) 

where Cg is related to the effective magnetic field at the nucleus, , 

by 

Cg = l/3(wHgff/kI)2l(I + 1) (10) 

where p is the effective magnetic moment of the nucleus, k is Boltzmann's 
CO 

constant and I is the nuclear spin. 

The magnetic contribution to the heat capacity near the critical 

temperature is expected to behave like 

Cm ' - T/TMl'" 

where a is a small positive number. In the limiting case of a + 0, the 

alternate form 

Cm = A ln|l - T/T„l (12) 

may be more applicable.®^ Well below the magnetic ordering temperature, 

the magnetic heat capacity can often be characterized by simple power laws 

or exponentials. An isotropic 3-dimensional antiferromagnet, for example, 

is expected to have a spin wave contribution to the heat capacity propor-
O CO 

tional to T . The applicability of these various forms to our experi

mental results will be discussed in Section IV-F. 

Each of the Figures 12 through 19 presents the low temperature heat 

capacity of one of the eight samples discussed above. In each case, the 

heat capacity obtained in the manner discussed above is plotted in units of 

R (8.314 J), the molar gas constant, per mole of rare earth. Thus, one 

mole of SmgFegSig contains two moles of the rare earth, Sm in this case. 

In each case, the entropy obtained by numerically integrating the heat 

capacity 
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S = / C/T dT (13) 

is also plotted in the same units. The lower limit of the integration is 

taken as the lowest temperature obtained rather than zero Kelvin, but in 

most cases the error introduced by this procedure is less than one percent. 

A. SmigFegSig 

The low temperature heat capacity and entropy of SmgFe^Sig from 0.5 K 

to 30 K are presented in Figure 12. The four distinct maxima at 5.05 K, 

6.19 K, 7.35 K and 8.96 K indicate four magnetic phase transitions. This 

is in contrast to the complete absence of features in the susceptibility as 

determined by low frequency ac inductance techniques both on this sample 
39 and on a sample studied previously. The absence of any large change in 

susceptibility, together with the features evident in the heat capacity 

indicate the ordering at each of the peaks in the heat capacity is anti-

ferromagnetic as reported previously for most of the other REgFe^Sig com-
CO 

pounds. Furthermore, the entropy shows a distinct plateau well above all 

the transitions at AS = 0.62 R, * R ln(2), indicating the electronic ground 

state in this compound is a doublet. 

The inset of Figure 12 indicates an increase in the heat capacity 

below 1 K, apparently due to the high temperature side of a nuclear 

Schottky anomaly which should behave like Eq. (9) well above the maximum 
2 

in the Schottky anomaly. From a graph of AC VS. 1/T , Cg is estimated to 

be 0.014 R K^. Using the above value of Cg, I = 7/2, v» = 0.4 and Eq. 

(10), an effective field of 12 megagauss at the Sm nucleus is calculated. 

An effective field typical of Sm metal derived in a similar manner is 3.3 
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Figure 12. The magnetic contribution to the heat capacity and entropy for 
Sm^FeoSic. [The inset indicates the nuclear Schottky anomaly 
expected for Sm metal (solid line) and the observed heat 
capacity for Sm^FegSig below 2 K] 
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megagauss, much lower than the value for this ternary silicide. Indeed, 

a nuclear anomaly typical of Sm metal, indicated by the solid line in the 

inset to Figure 12, should be quite small and nearly unobservable at the 

lowest temperatures reached in this experiment. The possible origin of 

such a large effective field is considered in Section IV-E. 

B. GdgFe^Sig 

The low temperature heat capacity and entropy of GdgPe^Sig are pre

sented in Figure 13. A single prominent peak is evident in the heat 

capacity at 8.40 K. As expected, there is no indication of a nuclear 

anomaly for Gd. There is, however, an inflection in the heat capacity 

below the antiferromagnetic ordering temperature. A plateau from about 

2.5 K to 6.5 K in a plot of AC/RT against temperature shown in the inset 

in Figure 13 indicates the heat capacity has a large linear term in this 

temperature range. The possible origin of such a large linear term and 

its relation to spin waves will be discussed in Section IV-F. 

As expected for Gd» which is an S-state ion and, therefore, unaffected 

by crystalline electric fields (CEF), the entropy associated with the full 

Hund's rules J, i.e., R ln(2J + 1) = R ln{8) = 2.08 R, is observed. The 

entropy at 28 K is AS = 2.02 R in excellent agreement with the total 

entropy expected. 

C. TbgFe^Sig 

The low temperature heat capacity and entropy of TbgFe^Sig are pre

sented in Figure 14. Two large peaks are observed in the heat capacity at 
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Figure 13. The magnetic contribution to the heat capacity and entropy for 
GdpFegSic. [The inset indicates a large linear contribution to 
the heat capacity of Gd2Fe3Si5 between 2 K and 6 K] 
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10.02 K and 7.06 K in excellent agreement with previous susceptibility and 

neutron diffraction results.Neutron diffraction results indicate a 

transition at 10 K to an antiferromagnetically ordered state in which the 

magnetic structure is incommensurate with the lattice. This state is fol

lowed by a second transition at 7 K to a different antiferromagnetically 

ordered state which is commensurate with the lattice. At the lowest 

temperatures attained, a slight upturn in the heat capacity with decreasing 

temperature reveals the presence of a nuclear schottky anomaly expected for 

Tb. While lower temperatures would be needed for a quantitative comparison, 

the magnitude of this anomaly is in qualitative agreement with that expected 

for Tb metal. 

D. DygFe^Sig 

The low temperature heat capacity and entropy of DygFe^Sig are pre

sented in Figure 15. One large peak is evident at 4.20 K indicating the 

onset of antiferromagnetic order consistent with previous susceptibility 

results. This peak is miich steeper on the high temperature side than on the 

low temperature side of the maximum. This asymmetry will be discussed in 

detail in Section IV-D. Above the ordering temperature, the heat capacity 

remains near 0.4 R per mole RE atoms, exhibiting a broad maximum near 9 K. 

This is presumably attributable to an electronic Schottky anomaly brought 

about by the usual CEF effects. 
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E* HOgFegSig 

The low temperature heat capacity and entropy of Ho^FegSig are pre

sented in Figure 16. The heat capacity of this sample is remarkably similar 

in many respects to the heat capacity of Dy^Fe^Sig. One large peak is 

evident in the heat capacity at 2.82 K, indicating the onset of antiferro-

magnetic order consistent with previous susceptibility results. The peak at 

2.82 K is quite asymmetric and, as for DygFegSig, much steeper on the high 

temperature side than on the low temperature side. Above the ordering 

temperature, the heat capacity remains large (-0.6 R) and increases slowly 

with temperature to 28 K. Below 2 K, the heat capacity increases with de

creasing temperature as expected qualitatively for the nuclear Schottky 

anomaly associated with the Ho nucleus. The inset to Figure 16 shows the 

data at temperatures below the minimum in the heat capacity (T < 1.9 K). 

From this plot, an estimate of the coefficient Cg in Eq. (9) may be made for 

the nuclear Schottky contribution. Specifically, if the magnetic contribu-
O 

tion goes like T as expected for an isotropic 3-dimensional antiferromag-

netic spin wave, then the intercept in the inset of Figure 16 will represent 

the coefficient Cg in the nuclear contribution to the heat capacity. The 

value for Cg resulting from this is Cg = 0.18 R. Using I = 7/2, y = 4.08 

and Eq. (10), the effective field at the Ho nucleus is estimated to be 4.3 

megagauss, compared to an effective field of 7.5 megagauss calculated in a 
go 

similar manner for Ho metal. 
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Figure 16. The magnetic contribution to the heat capacity and entropy for 
HopFeiSic. [The inset indicates the nuclear Schottky anomaly 
betow 1.8 K (see Sections III-E and IV-E for details)] 
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F. ErgFe^Sig 

The low temperature heat capacity and entropy of ErgPe^Sig are pre

sented in Figure 17. Large peaks are evident in the heat capacity at 

2.35 K and 2.78 K in this figure. The data between 2.2 K and 3.0 K are 

presented in the inset to Figure 17 on an expanded temperature scale and a 

compressed heat capacity scale as compared with Figures 12 through 19. The 

feature marked Tj^-j in the inset at 2.78 K is the smaller of the two peaks 

evident in the main figure. The magnitude of the feature at 2.35 K is more 

than a factor of 2 larger than any of the other features observed in this 

system of compounds. This feature is extremely sharp in temperature with 

a total width of less than 75 mK. There are two clear peaks in this fea

ture at 2.352 K (T^j^) and 2.381 K (T^g). A shoulder at 2.401 K defined by 

only two points is also indicated by Tj^g the inset. These data were 

taken in four successive runs and in two different experiments, eight weeks 

apart. The excellent agreement attests to the reproducibility of these 

magnetic phenomena. The average interval between data points in the region 

of the features at 2.3-2.4 K is less than 3 mK. Finer resolution might re

solve more clearly the peak at T^g. Note that the heat capacity in the 

region from 2.2 K to 2.35 K which appears essentially constant in the 

inset to Figure 17 is in reality a rapidly increasing function of tempera

ture as can be seen by comparison to the main figure. The sharp rise in 

the heat capacity on the low temperature side of T^^^ can be identified in 

the main figure by the sudden change in the density of data points near 
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Figure 17. The magnetic contribution to the heat capacity and entropy fo 
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the change of scale] 



59 

2.3 K. The data rapidly rise from near 1.1 R just below to well off 

the scale of the main figure. 

The heat capacity above the ordering temperatures drops to 0.15 R near 

4.5 K and then rises for temperatures above this point. This rise is 

attributed to an electronic Schottky anomaly brought about by CEF effects. 

At the very lowest temperatures, the heat capacity begins to rise with de

creasing temperatures, indicating a nuclear Schottky anomaly. Lower tem

peratures would be required for a quantitative estimate of the temperature 

dependence of this anomaly; however, the size of the feature is in qualita

tive agreement with the anomaly observed in Er metal. 

G. TmgFegSig 

The low temperature heat capacity and entropy for TmgFe^Sig are pre

sented in Figure 18. A large peak in the heat capacity is evident at 

1.06 K indicating the onset of antiferromagnetic order. The heat capacity 

decreases above 1.06 K with increasing temperature until 7 K, after which 

it again increases. This increase in heat capacity above 7 K is attributed 

to CEF effects. The entropy shows a plateau at about 0.69 R = R ln(2) from 

2 K to 10 K reflecting the small heat capacity in this region. The value 

of the entropy in the plateau indicates the magnetic ground state in 

TwgFegSig is a doublet. Attempts to fit the low temperature side of the 

peak in the heat capacity to a logarithmic divergence as given by Eq. (12) 

resulted in an unreasonably large value for T^^ suggesting that the heat 

capacity may be finite at the antiferromagnetic ordering temperature. 

Possible reasons for this will be discussed in Section IV-D. 
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Figure 18. The magnetic contribution to the heat capacity and entropy for 
TmgFe&Sis 
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H. YbgFegSig 

The low temperature heat capacity and entropy for YbgFe^Sig are pre

sented in Figure 19. A peak in the heat capacity at 1.70 K indicates the 

onset of antiferromagnetic order. The heat capacity decreases with in

creasing temperature above the ordering temperature of 1.70 K until 10 K 

where the heat capacity begins to increase with increasing temperature. 

The increase at higher temperatures is attributed to an electronic Schottky 

anomaly due to the CEF splitting of the 4f-shell of Yb. The appearance of 

magnetic order indicates that Yb is in a trivalent state in this compound 

rather than the more common, nonmagnetic divalent state. The trivalent 

state for Yb is also indicated by the lattice parameters for YbgFe^Sig when 
35 

compared to other members of the REgFe^Sig series. 

A relatively flat region in the entropy from 8 K to 15 K near the 

value 0.68 R ~ R ln(2) indicates the magnetic ground state in YbgFe^Sig is 

a doublet. The heat capacity above the magnetic ordering temperature ex

hibits negative curvature from 1.7 K to about 3 K and the general shape is 

suggestive of a Schottky anomaly. Indeed, the entropy at the transition is 

only 0.2 R, much lower than that expected for a doublet, the simplest de

generate ground state. This suggests that the magnetic ground state con

sists of two closely spaced singlets, with the next excited state at a con

siderably higher temperature. 
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IV. DISCUSSION 

A. Ordering Temperatures 

Having briefly discussed the low temperature heat capacity of each of 

the members of the series REgFe^Sig, we now turn our attention to some of 

the systematic trends observed in these data. Figure 20 and Table 5 pre

sent the ordering temperatures for each of the REgFe^Sig compounds (RE = 

Sm - Yb, except Eu which does not form a ternary compound in this struc

ture). More than one transition temperature is indicated for SmgFegSig, 

TbgFegSig and ErgFe^Sig as discussed in Sections III-A, C and F. The 

lower transition for ErgFegSig indicated in Figure 20 actually represents 

the closely spaced group T^g, T^^^g and T|^^ as desginated in Figure 17. The 

magnetic ordering temperatures for a series of isostructural and isoelec-

tronic metals where the indirect RKKY exchange interaction is the main 

interaction between the magnetic moments are expected to scale as S(S + 1) 

where S is the spin of the local moment or in the case where L, the orbital 

angular momentum, is not quenched as (gj - 1) J(J + 1) where g^ is the 

Lande g factor and J is the total angular momentum of the local moment. 

The latter case is more usual for the rare-earth elements. 

The solid line in Figure 20 represents the ordering temperatures ex

pected for the series REgFe^Sig normalized to the observed ordering tem

perature in GdgFegSig for the case where S is a good quantum number. The 

dashed line is similarly normalized to the observed ordering temperature 

of GdgFe^Sig and gives the expected ordering temperatures for the case 

where J is a good quantum number. Considering only those compounds for 
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Table 5. Magnetic properties of rare-earth ternary iron silicides 

Compound T^(K) S(T^)/R J ln(2J+l) S{28 K)/R 

YbjFejSij 1.70 0.20 7/2 2.08 0.77® 

TmgFegSig 1.06 0.35 6 2.56 0.938 

ErgFegSis 2.79 0.50 15/2 2.77 1.55 

2.401 0.325 

2.381 0.286 

2.352 0.237 

HOgFe^Sig 2.82 0.44b 8 2.83 2.03 

DygFegSig 4.20 0.50 15/2 2.77 1.40 

TbgFesSlg 10.02 0.51 6 2.56 1.03 

7.06 0.15 

6^2^^3515 8.40 1.42 7/2 2.08 2.02 

SnigFesSig 8.96 0.49 5/2 1.79 1.29 

7.35 0.38 

6.19 0.26 

5.05 0.14 

Note: Entropy is in units of R per mole of rare earth. 

^After correcting for Yb weight loss (see Section II). 

^After correcting for the nuclear contribution (see Section IV-E). 
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which one ordering temperature is observed, GdgFegSig, DygFe^Sig, 

HOgFegSig, TmgFegSig and YbgFe^Sig, either of the two curves gives reasona

ble agreement between the expected and observed magnetic ordering tempera

tures. Of this group, only YbgFe^Sig lies far from the theoretical curves. 

This may be related either to the significant splitting of the ground 

state doublet in this compound or to mixed valence effects, often observed 

in Yb compounds. 

Those compounds exhibiting multiple transitions, SmgFe^Sig, TbgFe^Sig 

and ErgFCgSig, have transition temperatures falling considerably above 

either of these curves. In each case, however, the lowest transition is 

reasonably close to the S(S + 1) curve. The rough agreement between the 

ordering temperatures and the trend predicted by the S{S + 1) curve or the 

(gj - 1)^J(J + 1) (the de Gennes factor) curve, particularly for the heavy 

rare earth compounds (RE = Gd - Tm), indicates the major mechanism re

sponsible for the magnetic ordering in these compounds is the usual RKKY 

indirect exchange interaction. In particular, there is no evidence in our 

data to indicate dipole-dipole interactions are important, as has been 
CO 

suggested for these compounds. Furthermore, the full moment or some 

effective moment which varies nearly as J (or perhaps S) determines the 

ordering temperatures in these compounds. 

B. Coupling Constants 

In mean field theory, the inter-RE coupling constant J' is related to 

the magnetic ordering temperature by 

= 2J'S(S + l)z/3k (14) 
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when S is a good quantum number and by 

T„ = J'(gj - + l)z/3k (15) 

when J is a good quantum number where z is the number of nearest neighbor 
27 RE atoms. Strictly speaking, there are only two nearest neighbor RE 

atoms in this structure due to the low symmetry of the RE site; however, 

two additional RE atoms are positioned at RE-RE distances only about 1% 

greater than for the two nearest neighbors. Therefore, using z = 4, to 

account for these four "nearest neighbor" RE atoms, the ordering tempera

ture of GdgFegSig - 8.40 K), J = 7/2 and Qj = 2 yields J' = 1.7x10"® 

eV. 

The depression of the superconducting transition temperature of 

LUgFegSig by Gd impurities in (Lu^^GdxigFegSig can be used to estimate J, 

the conduction electron-RE exchange coupling constant. In the theory of 

Abrikosov and Gorkov, the depression of the superconducting transition 

temperature is related to the concentration of magnetic impurities in the 

limit of low impurity concentration by 

dl^/dn = 5dTg/dx 

= - 1)^J(0 + 1) (16) 

where dT_/dn is the rate of depression of T per atomic percent impurity, 

dT /dx is the rate of depression of T per atomic fraction of Gd in Lu and c c 

N(0) is the density of states at the Fermi levelUsing (dT^/dx)/ 

((Qj - 1)^J(J + 1)) = 4.9 K per at. fraction Gd from Ref. 39 and N(0) = 

0.59 sts./eV-atom-spin from Ref. 62, J is estimated to be 2.7x10"^ eV. 

27 To order of magnitude J and J* are related by 



J =  ( j ' N ( 0 ) ) T / 2  ( 1 7 )  

Using J* derived above from the ordering temperature of CdgFe^Sig yields 
O 

J = 5.4x10" eV. This is in reasonable agreement with the estimate from 

the superconducting data, especially considering the crude nature of these 

estimates. Both estimates suggest the conduction electron-RE coupling is 

strong enough to mediate the indirect exchange interaction as has been 
27 previously reported for the RERh^B^ compounds. 

C. CEF Effects 

Figure 21 presents the entropy observed at the highest magnetic 

transition (when there is more than one transition temperature) for each 

of the eight compound discussed in Section III as well as the entropy at 

28 K for each compound. The dashed line represents the entropy available 

for each compound assuming a total angular momentum J given by Hund's 

rules. The entropy associated with the nuclear Schottky anomaly in 

HOgFegSig has been neglected for the purposes of this figure. Only 

GdgFe^Sij; exhibits nearly the full entropy at 28 K available from the total 

quantum number J = 7/2. This is expected for 6d compounds, since L = 0 in 

this case and CEF effects are, therefore, absent to first order. Con

siderably higher temperatures than attained in these experiments would be 

needed to observe all the entropy available from the full, Hund's value of 

J in each of the other compounds. This indicates that CEF effects are 

indeed quite important in these compounds, in agreement with previous 
C O  C O  

susceptibility and MBssbauer results. ' For the compounds with non-S 

state rare-earth elements (i.e., excluding GdgFe^Sig), the entropy at 28 K 
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peaks at HOgFe^Sig with J = 8, the largest value of the total angular 

momentum. 

In five of these compounds, SmgFegSig, TbgFe^Sig, DygFe^Sig, 

HOgFe^Sig and ErgFe^Sig, the entropy at the transition is very nearly 0.5 R 

(see Figure 21). This is especially surprising since the number of transi

tions observed varies from one transition (DygFCgSig) to four transitions 

(SmgFegSig). The amount of entropy below the transition is very nearly 

the value predicted by a 3-dimensional Ising model (0.511 R) for a spin 

1/2 systems on a diamond lattice (z = 4).®^ This indicates that in each 

of these five compounds, the magnetic ground state is a doublet as com

pared to the considerably higher degeneracy expected from Hund's rules. 

The doublet ground state is directly observed in SmgFe^Sig where the 

entropy indicates (Figure 12) that the next excited state is considerably 

higher than the ordering temperature. 

In TmgFe^Sig (Figure 18) and YbgFe^Sig (Figure 19), the entropy also 

indicates that the ground state is a doublet, as previously discussed. In 

both cases, the entropy below the ordering temperature is well below 0.5 R 

indicating a large fraction of the R ln(2) of entropy is contained in the 

high temperature tail occurring above the ordering temperature. This sug

gests that the doublet is not entirely degenerate. Indeed, the heat 

capacity above the ordering temperature in YbgFe^Sig appears similar to 

that expected from a two level Schottky anomaly. This implies the CEF 

effects are large enough to split the doublets, presumably via thé spin 

orbit coupling. 
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D. Critical Behavior 

As discussed in Section III, the peak in the heat capacity of several 

of these compounds is very asymmetric, appearing steeper on the high tem

perature side than on the low temperature side. Figure 22 presents the 

heat capacity near the magnetic ordering temperatures for three of these 

samples, DygFe^Sig, HOgFegSig and ErgFe^Sig, both above and below the 

ordering temperatures. In the case of ErgFe^Sig, only the highest ordering 

temperature (T^^) is considered. A logarithmic divergence such as de

scribed by Eq. (12) will appear as a straight line on such a plot and of 

the six lines in this figure, only four are straight. Below the critical 

temperature, the data for DygFegSig and HOgFe^Sig (solid circle and solid 

triangle, respectively, in Figure 22) appear as straight lines and are 

nearly parallel to each other. The data for ErgFe^Sig also appear to di

verge logarithmically below T|y|i as evidenced by the solid squares in 

Figure 22. 

Above the critical temperatures, the situation is very different. 

The data for ErgFe^Sig appear logarithmic as evidenced by the open squares 

in Figure 22; however, there is pronounced curvature in the data above the 

critical temperatures for both DygFe^Sig and HOgFe^Sig. Above the critical 

temperatures, the data for DygFe^Sig and HOgFe^Sig appear to diverge with a 

critical exponent of 1, that is 

C = A(T/TM - 1)-T + B = AT^/(T - T„) + B (18) 

as indicated in Figure 23 where we plot heat capacity versus T^/(T - T^). 

The same critical temperatures are used in this figure as are used in 

Figure 22. Again, the curves for Dy^Fe^Sig and HOgFe^Sig appear very 
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similar to each other and qualitatively different from the curve for 

ErgFegSig. These two plots clearly indicate that the highest transition in 

ErgFCgSig is typical of second order phase transitions, showing a nearly 

logarithmic divergence both above and below while DygFe^Sig and 

HOgFegSig show qualitatively different critical behavior and perhaps ex

hibit different critical exponents above and below their critical tempera

tures. 

As discussed in Sections III-G and III-H, respectively, neither 

TmgFegSig nor YbgFe^Sig exhibits a clear logarithmic or even nearly 

logarithmic divergence either above or below its critical temperature, but 

rather suggests a finite maximum in the specific heat instead of a di

vergence. In the case of GdgFe^Sig and TbgFegSig, the critical behavior 

is less clear due to a lower density of data points in this temperature 

range. SmgFe^Sig exhibits no sharp peaks in the heat capacity, but only 

more broadened maxima, especially when compared to the other seven com

pounds considered in this study. This may indicate sample inhomogeneities 

related to the lower melting point of this compound and the heat treatment 

of this sample. Inhomogeneities may also play a role in the critical be

havior of YbgFegSig which was not annealed due to the low melting point of 

Yb. 

The lower transitions in ErgFe^Sig, T^g, Tj^g and T^^ would appear to 

be of first order as indicated both by the huge magnitude of these heat 

capacity spikes and the sharp onset and completion of the transitions. 

Very sharp features are also observed near 2.35 K in low frequency in

ductance and resistivity measurements performed on this compound. Simi
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larly, the lower transition in TbgFe^Sig is quite sharp and although the 

resolution of the heat capacity data is not as good for this compound, 

this may also be a first order transition. 

E. Nuclear Schottky Anomalies 

Several of these compounds exhibit a detectable nuclear Schottky 

anomaly at the lowest temperatures reached. In two cases, the anomaly is 

of sufficient magnitude to permit a quantitative estimate of the coeffi-

2 cient of the 1/T term. As discussed in Sections III-E and III-A, respec

tively, the nuclear Schottky anomaly in HOgFe^Sig appears to be only half 

as large as expected; whereas, the anomaly in SmgFe^Sig appears to be an 

order of magnitude larger than expected from the respective rare-earth 

metals. This may be related to the CEF effects which can alter the effec

tive moment of the rare earth and, therefore, the effective magnetic field 

experienced by the nucleus. The large nuclear anomaly observed in 

SmgFegSig, however, is especially difficult to understand. In the rare-

earth metals, the principal source of the effective field experienced by 
63 

the nucleus is the orbital angular momentum, L. CEF effects are expected 

to have their principal effect on L, thus reducing the field experienced 

by the nucleus and thereby reducing the observed nuclear Schottky anomaly. 

The dramatic increase in the nuclear anomaly in SmgFe^Sig is, therefore, 

difficult to understand since CEF effects can be expected only to reduce 

the effective field at the nucleus. 
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F. Spin Waves 

The heat capacities of all eight compounds were examined graphically 

and numerically for indications of simple temperature dependences below the 

ordering temperatures. Functional forms such as simple power laws, expo

nential, logarithmic and simple combinations of some of these forms were 

investigated with respect to the data below the respective transition 

temperatures. Various functional forms for the heat capacity seem more or 

less successful over limited temperature ranges; however, no consistent 

patterns or trends emerged from these efforts. In the case of GdgFe^Sig, 

described in Section III-B, there is a significant linear term in the heat 

capacity below the magnetic ordering temperature. This large linear con

tribution is evident over an extended temperature range (see Figure 13). 

A linear term in the heat capacity could be expected from 2-dimensional 

ferromagnetic spin waves (where the magnon dispersion relation is propor-

tional to q ) or from 1-dimensional antiferromagnetic spin waves (where 

the magnon dispersion relation is proportional to q). Since the magnetic 

structure of this compound is not known, one can only hypothesize about 

spin wave contributions to the heat capacity of GdgFe^Sig. 
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V. CONCLUSIONS 

The dependence of the antiferroniagnetic ordering temperature on rare 

earth as depicted in Figure 20 agrees reasonably well with the ordering 

temperatures predicted by the de Gennes factor. This is especially true 

if only the lowest transition is considered for those materials in which 

more than one ordering temperature is observed. In TfagFe^Sig®^ and more 

recently ErgFe^Sig,®® neutron diffraction experiments indicate the anti-

ferromagnetic structure at the lowest temperatures is commensurate with 

the lattice while the magnetic structures at higher temperatures are in

commensurate with the lattice. The critical behavior of the heat capaci

ties of DygFegSig, HOgFe^Sig and ErgFe^Sig as discussed in Section III and 

presented in Figures 22 and 23 further indicates the upper transition in 

compounds with multiple transitions is qualitatively different from the 

antiferromagnetic transition in those compounds with a single transition. 

Assuming the antiferromagnetic structure in each of the compounds with a 

single ordering temperature is also commensurate with the lattice, as 

seems likely, the ordering temperatures which should be compared to the 

de Gennes curve should be only the lowest ordering temperatures. In 

particular, there is no indication that dipole-dipole contributions play 

any significant role in determining the ordering temperatures as has been 

52 
speculated. 

Figure 21 illustrates the large and systematic CEF effects in these 

compounds. In all cases except GdgFegSig, a large fraction of the Hund's 

rules entropy is not recovered by 28 K. For example, only 40% of the 

Hund's rule entropy is recovered by 28 K in TbgFe^Sig and the fraction is 
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even smaller in the case of YbgFe^Sig. In five of these compounds, the 

entropy at the highest antiferromagnetic ordering temperature is very near

ly 0.5 R. This indicates that the ground state in these cases is a dou

blet. Thus, in each compound except GdgFegSig, the ground state is split 

by the CEF to a doublet or in the case of TmgFe^Sig and YbgFe^Sig to two 

singlets within about 1 K. All other states lie at much higher tempera

tures. The doublet ground state occurs without regard to the number of 

electrons in the 4f-shell, in particular without regard to whether the 

number of electrons is even or odd. 

The low symmetry of the rare earth site in this structure prohibits 

the development of a detailed energy level scheme based on the data availa

ble; however, some conclusions can be drawn about the nature of the ground 

state. As discussed in Section III-C, the ground state in these compounds 

is a doublet. Mossbauer data on DygFe^Sig indicate a moment on Dy in this 

compound of 7.0 reduced from the Hund's rules values of 10.6 This 

Indicates that the ground state is not made up of pure |+15/2> and |-15/2> 

states but Includes some admixture of lower states. This makes the 

nearly de Gennes-like behavior of the ordering temperatures all the more 

puzzling since the effective angular momentum of the ground state doublet 

is expected to determine the ordering temperature and it is difficult to 

understand how, in general, any states other than the states of maximum 

(l±15/2> in the case of DygFe^Sig) can produce an effective moment which 

varies in the same way as the Hund's rules moment. Thus, the de Gennes 

factor variation of the ordering temperatures is difficult to understand in 

view of the large CEF effects evident in these compounds. 
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Several distinctly different critical behaviors are observed in these 

compounds. Most striking is the set of transitions T^|g and in 

ErgFegSig indicated in Figure 17. The narrow width of these peaks and the 

sharpness of the high and low temperature sides of the feature as a whole 

indicate these are first order phase transitions. Recent neutron diffrac

tion results indicate the feature at 2.34 K represents an incommensurate-

commensurate magnetic transition.The separate peaks in the heat capaci

ty may represent ordering, as the temperature increases, to successively 

higher order commensurate phases until finally the incommensurate phase 

dominates. 

The heat capacities of DygFegSig and HOgFe^Sig are quite similar, even 

on close inspection. The apparent difference in the critical exponents 

above and below the ordering temperature is clearly demonstrated in Figures 

22 and 23. Truly different critical exponents above and below the ordering 

temperature implies a discontinuity in the slope of the free energy and, 

therefore, a first order phase transition. An alternative possibility is 

that the apparent critical exponent of +1 above the ordering temperature 

only results from the smearing, possibly due to sample inhomogeneities, of 

a discontinuity in the specific heat as expected in mean field theories. 

In this case, the apparent critical exponent of +1 above the ordering tem

perature must be viewed as coincidental and not of any intrinsic impor

tance. Either of these possibilities is unusual. 

SmgFegSig, TrngFe^Sig and YbgFe^Sig exhibit what appear to be finite 

maxima in their heat capacities as compared to the singularities clearly 
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observed in the heat capacities of DygFe^Sig, HOgfegSig and ErgFe^Sig and 

probably the singularities observed in GdgFe^Sig and TbgFegSig. The heat 

capacities of TmgFe^Sig and YbgFegSig do not appear to diverge logarithmi

cally as discussed in Sections III-G and III-H, respectively. SmgFe^Sig 

exhibits markedly rounded maxima in its heat capacity. Sample inhomo-

geneities may account for the finite maxima observed in the heat capacities 

of these compounds or the finite maxima may indicate mean field like be

havior such as has been observed in HoRh^B^ and was suggested above for 

DygFesSig and HOgFegSig. YbgFe^Sig also exhibits anomalous curvature in 

its heat capacity above the magnetic ordering temperature. This may be 

attributed to an electronic Schottky-like anomaly arising from splitting 

of the ground state doublet in this compound. 

Nuclear Schottky anomalies are observed in SmgFe^Sig and HOgFe^Sig 

which are larger and smaller, respectively, than expected from the observed 

63 
anomalies in the respective rare-earth metals. In the case of SmgFegSig, 

the discrepancy is particularly large, indicating an effective magnetic 

field at the nucleus of 12 megagauss» as compared to an effective field of 

3.3 megagauss observed in Sm metal. Such a large discrepancy in the ob

served effective magnetic field at the nucleus is difficult to understand 

even considering the large CEF effects evident in these materials. CEF 

effects are expected to have their major influence on the orbital angular 

momentum which is the principal source of the effective field at the 

nucleus in the rare earth elements. In the case of HogFe^Sig, CEF effects 

may well result in a reduced effective magnetic field at the nucleus as 

indicated by the reduced nuclear Schottky anomaly in this compound. 
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No evidence can be found for superconductivity in the heat capacity of 

any of the antiferromagnetically ordered REgFe^Sig compounds. In particu

lar, superconductivity in TrngFe^Sig as has been reported based on indue-

36 tance and resistivity measurements is not supported by the heat capacity 

results presented here. Based on previous heat capacity measurements in 

LUgFegSig, SCgFegSig and YgFe^Sig, the jump in the heat capacity at the 
36 

reported superconducting transition of 1.7 K for TrngFe^Sig is expected 

to be less than 3% of the observed total heat capacity of TmgFe^Sig at 

1.7 K and may, therefore, be unobservable in these data. Therefore, while 

the heat capacity of TmgFe^Sig in no way indicates superconductivity, the 

possibility of superconductivity in TmgFe^Sig cannot be entirely ruled out. 
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VI. SUMMARY 

The low temperature heat capacities of REgFe^Sig compounds reveal a 

number of important features of the magnetic order in these compounds. In 

agreement with previous work,^®"^^ no evidence for a magnetic moment on the 

Fe is found. The systematica of the ordering temperatures as determined 

calorimetrically (Figure 20) indicate the principal mechanism by which the 

rare-earth atoms interact is the usual RKKY indirect exchange interaction. 

Several of these compounds exhibit multiple magnetic phase transitions, 

presumably due to anisotropy and/or next nearest neighbor interactions. 

The conduction electron-RE interaction strength is on the order of 0.03 eV 

which, while much smaller than typical interaction energies in the rare 

earth metals and binary intermetallic compounds, is larger than that ob

served in the ternary rhodium borides and the Chevrel-phase compounds which 

exhibit superconductivity in the presence of magnetic rare-earth atoms. 

No evidence for superconductivity can be found in the heat capacity of any 

of the REgFegSig compounds involving rare earth atoms with an incomplete 

4f-shell. This is attributed to the strength of the magnetic interactions. 

The anomalous critical behavior observed in these materials is quite 

unusual. A first order magnetic phase transition is indicated in 

ErgFe^Sig, and several other compounds exhibit critical behavior similar to 

that expected in mean field theory. A linear term in the heat capacity of 

GdgFegSig below the antiferromagnetic transition temperature suggests the 

possibility of an unusual spin way dispersion relation in this material. 



83 

GENERAL SUMMARY 

These investigations have helped clarify many of the questions raised 

in the introduction while opening new areas for research. The heat 

capacity results on the superconducting compounds LUgFegSig, SCgfe^Sig and 

YgFegSig suggest that not all of the conduction electrons participate in 

the superconductivity in these materials. The two-band model proposed is 

consistent with the large effects of alloying and pressure on the super

conducting transition temperature as well as the heat capacity results re

ported here. A study of the heat capacity of a pseudo-ternary system such 

as 5» which T^ passes through a maximum and then drops to 

zero as x is increased from zero,^® could further test the correctness of 

this model. Two major effects can be anticipated; 1) increased potential 

scattering from the disorder introduced on the rare-earth sublattice and 

2) a movement of the Fermi-level due to the change in the lattice parameter 

on the introduction of a rare-earth of different atomic radii. The former 

effect is expected to introduce scattering between the hypothesized pockets 

of electrons. The fraction of electrons participating in the superconduc

tivity can then be expected to increase, as the bands are no longer iso

lated, although since the "normal" band is expected to have a net repulsive 

electron-electron interaction, T^ will drop. The latter effect may either 

increase or decrease T^, depending on whether the Fermi-level moves toward 

or away from a peak in the density of states of the "superconducting" band. 

It can be expected that the fraction of the electrons participating in the 

superconductivity will move with T^, that is, increase when T^ increases 
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and decrease when decreases, which can serve to differentiate this 

effect from the former effect. 

The low temperature heat capacity measurements on the antiferromag-

netic compounds REgFe^Sig (RE = Sm, Gd - Yb) reveal several features sug

gesting further studies. The various critical behaviors observed are 

quite unusual. Neutron scattering experiments and high resolution magne

tization measurements on HOgFe^Sig and ErgFe^Sig would be very useful in 

this respect. Questions such as the different critical exponents above 

and below the ordering temperature in HOgFe^Sig and the nature of the mag

netic transitions and T^^ (Figure 17) in ErgFe^Sig are particu

larly interesting. Why do some of these materials exhibit multiple transi

tions while others do not? Are all of the magnetic transitions first order 

and if so, what is driving the transitions first order? Are the magnetic 

structures in SmgFe^Sig, GdgFe^Sig, DygFe^Sig, HOgFe^Sig, TrngFe^Sig and 

YbgFegSig the same as either of the two known magnetic structures in this 

system, those of TbgFe^Sig and ErgFegSig? Recent Mossbauer measurements 

have allowed an estimate of the leading CEF terms and predicted ordering 

temperatures for the antiferromagnetic compounds in qualitative agreement 

with the observed trends in the ordering temperatures. 

The report of superconductivity in TmgFe^Sig is not supported by the 

data presented here. As discussed previously, the heat capacity measure

ments cannot be considered conclusive in this respect, however, they do 

cast considerable doubt on the interpretation of the inductance and re-

sistivity data previously reported. An alternative possibility is that 

the presence of a small amount of a second phase in the sample of TrngFe^Sig 
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previously reported is superconducting, and not the Tm^Fe^Sig phase itself. 

Attempts to isolate this second phase indicate this suggestion is correct 

although the data are not yet conclusive. 

We believe this project demonstrates the potential of ternary com

pounds for yielding new and interesting low temperature states of matter. 

The systematic approach attempted here provides an opportunity for dis

cerning trends which would not be possible if only a few of the ternary 

iron silicides had been studied. Only when a sufficient number of ternary 

systems have been thoroughly investigated can the systematics of the mag

netic order and occurrence of superconductivity in ternary rare-earth 

compounds be considered well-understood. 



86 

REFERENCES 

1. H. Kamerlingh Onnes, Leiden Comm. 122b, (1911). 

2. H. Kamerlingh Onnes, Leiden Comm. 124c, (1911). 

3. H. Kamerlingh Onnes, Leiden Comm. Suppi. (1913). 

4. J. Bardeen, L. N. Cooper and J. R. Schrieffer, Phys. Rev. 108, 
1175 (1957). 

5. B. W. Roberts, 0. Physical and Chemical Reference data 581 (1976), 
and references therein. 

6. W. Gilbert, On the lodestone and magnetic bodies, a new physiology, 
demonstrated with many arguments and experiments, 1600, (Edwards 
Brothers, Ann Arbor, Mich., 1938), and references therein. 

7. B. T. Matthias, Physics Today M, 23 (1971). 

8. B. T. Matthias, T. H. Geballe and V. B. Compton, Rev. Mod. Phys. 35, 
1 (1963). 

9. B. T. Matthias, M. Marezio, E. Corenzwit, A. S. Cooper and H. E. Barz, 
Science 175, 1465 (1972). 

10. B. T. Matthias, E. Corenzwit, J. M. Vandenberg and H. E. Barz, Proc. 
Natl. Acad. Sci. USA 74, 1334 (1977). 

11. B. Seeber, C. Rossel and 0. Fischer, in Ternary Superconductors, 
edited by G. P. Shenoy, B. D. Dunlap and F. Y. Fradin (North-Holland, 
New York, 1981), p. 119. 

12. See for example Superconductivity in Ternary Compounds, Vols. 1 and 2, 
edited by 0. Fischer and M. B. Maple, (Springer-Verlag, Berlin, 1982). 

13. S. V. Vonsovsky, Yu. A. Izyumov and E. Z. Kurmaev. Superconductivity 
of Transition Metals. (Springer-Verlag, Berlin, 198?)I 

14. D. E. Moncton, G. Shirane and W. Thomlinson, J. Magn. Magn. Mater. 
14, 172 (1979). 

15. M. B. Maple, L. D. Woolf, C. F. Majkrzak, 6. Shirane, W. Thomlinson 
and D. E. Moncton, Phys. Lett. 77A, 487 (1980). 

16. H. R. Ott, W. A. Fertig, D. C. Johnston, M. B. Maple and B. T. 
Matthias, J. Low Temp. Phys. 159 (1978). 

17. M. Ishikawa and 0. Fischer, Solid State Commum. 23, 37 (1977). 



87 

18. S. K. Sinha, 6. W. Crabtree, D. G. Hinks and H. Mook, Phys. Rev. 
Lett. 950 (1982). 

19. J. W. Lynn, 6. Shirane, W. Thomlinson and R. N. Shelton, Phys. Rev. 
Lett. 46, 368 (1981). 

20. M. Ishikawa, Contemp. Phys. 23, 443 (1982). 

21. A. A. Abrikosov and L. P. Gorkov, Soviet Phys. JETP 12^, 1243 (1961). 

22. M. B. Maple, in Magnetism, Vol. V, edited by G. T. Rado and H. Suhl 
(Academic Press, New York, 1973), p. 289. 

23. M. B. Maple, J. Appl. Phys. 9, 179 (1976). 

24. R. N. Shelton, in Novel Materials and Techniques in Condensed Matter, 
edited by G. W. Crabtree and P. Vashishta, (Elsevier, New York, 1982), 
p. 119. 

25. R. N. Shelton, in Superconductivity in d- and f-Band Metals, edited by 
W. Buckel and W. Weber, (Kernforscnungszentrum, Karlsruhe, 1982), p. 
123. 

26. H. R. Ott, L. D. Woolf, M. B. Maple and D. C. Johnston, J. Low Temp. 
Phys. 39, 383 (1980). 

27. H. B. Mackay, L. D. Woolf, M. B. Maple and D. C. Johnston, J. Low 
Temp. Phys. £1_, 639 (1980). 

28. J. W. Allen, S.-J. Oh, I. Lindau, M. B. Maple, J. F. Suassuna and 
S. B. Hagstrom, Phys. Rev. B 445 (1982). 

29. T. H. Geballe, B, T. Matthias, V. B. Compton, E. Corenzwit, G. W. 
Hull, Jr. and L. D. Longinotti, Phys. Rev. 137, A119 (1965). 

30. B. T. Matthias, Phys. Rev. 380 (1952). 

31. B. T. Matthias, V. B. Compton and E. Corenzwit, J. Phys. Chem. Solids 
19, 130 (1961). 

32. B. F. Chandreskar and J. K. Hulm, J. Phys. Chem. Solids 7, 259 
(1958). 

33. S. L. McCarthy, J. Low Temp. Phys. _5, 683 (1971). 

34. H. F. Braun and C. U. Segre, Solid State Commun. 735 (1980). 

35. H. F. Braun, Phys. Lett. 7W, 386 (1980). 

36. C. U. Segre and H. F. Braun, Phys. Lett. 85A, 372 (1981). 



88 

37. G. P. Meisner, Physica 108A, 763 (1981). 

38. W. Cheng, G. Crenzet, P. Garoche, I. A. Campbell and E. Gratz, J. 
Phys. F:Metal Physics 12, 475 (1982). 

39. C. U. Segre, Ph.D. Thesis, University of California, San Diego (1981), 
unpublished. 

40. J. P. Remeika, 6. P. Espinosa, A. S. Cooper, H. Barz, J. M. Rowel1, 
D. B. McWhan, J. M. Vandenberg, D. E. Moncton, Z. Fisk, L. D. Woolf, 
H. C. Hamaker, M. B. Maple, G. Shirane and W. Thomlinson, Solid State 
Commun. 34, 923 (1980). 

41. Z. Fisk, S. E. Lambert, M. B. Maple, C. P. Remeika, G. P. Espinosa, 
A. S. Cooper, H. Barz and S. Oseroff, Solid State Commun. 41, 63 
(1982). 

42. C. A. Luengo, Ph.D. Thesis, Universidad National De Cuyo, Argentina 
(1972), unpublished. 

43. L. F. Goodrich, Ph.D. Thesis, Iowa State University (1980), unpub
lished. 

44. M. S. Anderson and C. A. Swenson, Rev. Sci. Instrum. 49, 1027 
(1978). 

45. 0. I. Bodak, B. Ya. Kotur, V. I. Yarovets and E. I. Gladyshevskii, 
Sov. Phys. Crystal!ogr. 217 (1977). 

46. E. I. Gladyshevskii, B. Ya. Kotur, 0. I. Bodak and V. P. Skvorchuk, 
Dopov. Akad. Nauk Ukr. RSR, Ser. A, 751 (1977). 

47. 0. I. Bodak, E. I. Gladyshevskii, V. I. Yarovets, V. N. Davydov and 
T. V. Il'chuk, Inorg. Mater. 14, 366 (1978). 

48. W. H. Zachariasen, J. Inorg. Nucl. Chem. 35, 3487 (1973). 

49. C. U. Segre and H. F. Braun, Physics of Solids Under High Pressure, 
edited by J. S. Schilling and R. N. Sheltôn (North-Holland, Amsterdam, 
1981), p. 381. 

50. H. F. Braun and C. U. Segre, Bull. Am. Phys. Soc. 343 (1981). 

51. H. D. Cashion, 6. K. Shenoy, D. Niarchos, P. J. Viccaro and C. M. 
Falco, Phys. Lett. 79A, 454 (1980). 

52. H. F. Braun, C. U. Segre, F. Acker, M. Rosenberg, S. Dey and P. Deppe, 
J. Magn. Magn. Mat. 117 (1981). 



89 

53. J. D. Cashion, 6. K. Shenoy, D. Niarchos, P. J. Viccaro, A. T. 
Aldred and C. M. Falco, J. of Appl. Phys. 2180 (1981). 

54. A. R. Moodenbaugh, D. E. Cox and H. F. Braun, Phys. Rev. B 25, 
4702 (1982). 

55. C. B. Vining and R. N. Shelton, Phys. Rev. B (1983), in press. 

56. D. W. Osborne, H. E. Flotow and F. Schreiner, Rev. Sci. Instrum. 
38, 159 (1967). 

57. W. L. McMillan, Phys. Rev. 167, 331 (1968). 

58. R. W. McCallum, L. D. Woolf, R. N. Shelton and M. B. Maple, J. de 
Physique Supp. C6-359 (1978). 

59. L. D. Woolf, D. C. Johnston, H. B. Mackay, R. W. McCallum and M. B. 
Maple, J. Low Temp. Phys. 651 (1979). 

60. E. S. R. Gopal, Specific Heats at Low Temperature, (Plenum, New York, 
1966), p. 63. 

61. H. Suhl, B. T. Matthias and L. R. Walker, Phys. Rev. Lett. 3, 552 
(1959). 

62. C. B. Vining, R. N. Shelton, H. F. Braun and M. Pelizzone, Phys. Rev. 
B 27, 2800 (1983). 

63. L.J. Sundstrom, in Handbook on the Physics and Chemistry of Rare 
Earths. Vol. 1, edited by K. A. Gschneidner, Jr. and L. Eyring, 
(North-Holland, Amsterdam, 1978), p. 379. 

64. C. Domb, in Magnetism, Vol. IIA, edited by G. K. Rado and H. Suhl, 
(Academic Press, New York, 1965), p. 1. 

65. D. E. Cox and A. R. Moodenbaugh, Brookhaven Natl. Labs., to be 
published. 

66. D. R. Noakes, G. K. Shenoy, D. Niarchos, A. M. Umarji and A. T. 
Aldred, Phys. Rev. B ^ (7), (1983), in press. 



90 

ACKNOWLEDGMENTS 

It is difficult to give proper acknowledgments to all those people 

who have aided me since my arrival at Iowa State University. At this time, 

I would like to thank the entire. Physics Department and Ames Laboratory 

faculty, staff, secretaries, technicians and fellow graduate students for 

all their efforts in my behalf. I thank Dr. Robert N. Shelton for giving 

me the time and space to make my own errors and for treating me as a fellow 

colleague. I would like to thank Herng-Er Horng, my classmate, for 

numerous useful discussions and help at important moments. 

Without the constant presence and abilities of Peter Klavins, these 

projects would have taken considerably longer and perhaps not been quite 

so well done. I would like to thank Mike Sandholm, Dick Brown and Duke 

Sevde for lending their considerable experience and helping hands in the 

construction and maintenance of laboratory equipment. The aid of Marv 

Anderson and Dr. Clayton A. Swenson in calibrating required thermometers 

is greatly appreciated. The efficient and professional skills of Fran 

Laabs in providing microprobe results is greatly appreciated. 

I would also like to acknowledge useful correspondence with Dr. Arnie 

Moodenbaugh and Dr. Hans Braun with regard to the REgFe^Sig-type compounds 

and Dr. Marco F. Pelizzone for performing the dc susceptibility measure

ments . 

Finally and most importantly, I would like to thank my wife, Beth, 

for her tremendous patience and understanding and without whom none of this 

would mean so much. 



91 

APPENDIX: SOURCES AND PURITIES OF STARTING MATERIALS 

Element Source 

Si 

Fe 

Research 
Organic/Inorganic 
Chemical Corp. 

Johnson Matthey 
Chemicals LTD 

Purity 

9N lump 

batch W.1471, 5N rod 
major impurities (weight): Pb 3 ppm 

Mg < 1 ppm 
Mn < 1 ppm 
Si < 1 ppm 

other impurities are all less than 1 ppm 

Y Ames Laboratory batch 2276, ingot 
major impurities (atomic): 0 240 ppm 

Fe 46 ppm 
H 14 ppm 
C 11.5 ppm 
N 10.3 ppm 
CI 9 ppm 
W 7 ppm 
Cu 6.4 ppm 
Ce 4 ppm 
Gd 4 ppm 

other impurities are all less than 4 ppm 

Sc Ames Laboratory batch 91278, ingot 
major impurities (atomic): H 490 ppm 

0 188 ppm 
W 84 ppm 
C 83 ppm 
Fe 53 ppm 
Lu 50 ppm 
F 28 ppm 
Ta 7.3 ppm 
N 6.4 ppm 
La 5 ppm 
Ce 4.2 ppm 
A1 3 ppm 

other impurities are all less than 3 ppm 

Lu Ames Laboratory batch 51177, ingot 
major impurities (atomic): 0 33 ppm 

W 31 ppm 
Cu 20 ppm 
L 11 ppm 
Ni 10 ppm 
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Fe 6.1 ppm 
H 5 ppm 

other impurities are all less than 4 ppm 

Ames Laboratory batch 62973, ingot 
major impurities (atomic): 0 38 ppm 

Fe 30 ppm 
Ca <10 ppm 
C 10 ppm 
H 8 ppm 
Lu 7 ppm 
La 6 ppm 
Gd 6 ppm 

other impurities are all less than 3 ppm 

Ames Laboratory batch 32878, ingot 
major impurities (atomic): Fe 25 ppm 

C 24 ppm 
F 14 ppm 
Cu 11 ppm 
CI 10 ppm 
Ce 8 ppm 
Fe 6.2 ppm 
Si 3 ppm 

other impurities are all less than 3 ppm 

Ames Laboratory batch 71177, ingot 
major impurities (atomic): Ta 42 ppm 

0 35 ppm 
C 10 ppm 
Fe 6.6 ppm 
H 6 ppm 
Fe 6 ppm 
Cu 3.6 ppm 

other impurities are all less than 4 ppm 

Ames Laboratory batch 9977, ingot 
major impurities (atomic): F 75 ppm 

Fe 45 ppm 
0 30 ppm 
Ta 30 ppm 
C 22 ppm 
Hf 6 ppm 
Cr 5 ppm 
Cu 3.4 ppm 

other impurities are all less than 4 ppm 
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Ames Laboratory batch 1578, ingot 
major impurities (atomic): F 74 ppm 

0 36 ppm 
Ta 30 ppm 
Fe 10 ppm 
C 8 ppm 
CI 5 ppm 
Mn 4 ppm 

other impurities are all less than 4 ppm 

Ames Laboratory batch 42178, ingot 
major impurities (atomic): 0 66 ppm 

C 42 ppm 
Fe 42 ppm 
Cu 19 ppm 
6d 11 ppm 
F 8 ppm 
N 8 ppm 
Ce 7 ppm 
H 5 ppm 
CI 4 ppm 

other impurities are all less than 4 ppm 

Ames Laboratory batch 3579, ingot 
major impurities (atomic): 0 38 ppm 

Fe 25 ppm 
Zr 9 ppm 
C 8 ppm 
W 5 ppm 
H 4 ppm 
A1 4 ppm 
K 4 ppm 

other impurities are all less than 3 ppm 

Ames Laboratory batch 32379, ingot 
major impurities (atomic): 0 37 ppm 

As 80 ppm 
Ta 80 ppm 
H 17 ppm 
Nd 67 ppm 
Ca 30 ppm 
C 9 ppm 
Ce 14 ppm 
La 8.4 ppm 
Pr 6 ppm 

other impuruties are all less than 4 ppm 
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