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ACHIEVEMENT

Contract No: USAF/F49620—77—C—0009 Date: 10/1/76— 12/31/77

A Metallurgical Approach to High Temperature Superconductivity

Bernd T. Matthias University of California , San Diego

Research achievements for the period 1 October 1976 — 31 December 1977

are detailed below with reference to the “Statement of Work” of the proposal.

a) Work on New Multicomponent Supei:conductors

We have now discovered the second system of superconducting ternary

compounds. They are the double Rh borides. The system is XRh
4
B
4

1,2in which X = Y, Nd , Sm , Er , Tm , Lu and Tb . The supercond ucting

transition temperatures (T) are shown in Table I. For X = Gd , Tb, Dy

and Ho , the isomorphous compounds become ferromagnetic instead (see Table I).

• Of particular interest are the high Ta
’s of the Er and Tm compounds. Never

before have such hi gh superconducting transition temperatures been observed

in compounds wi th elements having magnetic moments as high as 9
~
6
~ B

The erb ium compound is par ticularl y interesting. The superconducting

• T
c 

is at 8.6K as pointed out before. Below 0.9K the compound loses its

superconduc tivity and becomes magnetic instead .
3

It is astonishing that even though the effective moments of Ho (lO.611
B
)

and of neighboring Er 
~~~~~~~ 

differ by only 10%, HoRh4B4 
is ferromagnetic

whereas ErRh4B4 is superconducting . Therefore , we explored the super-

cond ucting properties of the pseudoternary alloys (Er ,Ho)Rh4B4 
to clarify

the reasons for this striking juxtaposition . Our results for this system
4

S



are shown in Fig. 1. Here , we found that for up to 89% dilution of Er

by Ho the superconducting transition temperatures are only weakly dependent

on the Ho content and that the disappearance of superconductivity observed for

pure ErRh
4
B
4 also presists over this concentration range. For higher

Ho concentrations , only ferromagnetic transitions were observed . Other

ternary systems in which superconductivity has recently been discovered

include the Y—Os—Si5 and Sc—Rh—Si
6 
systems, with superconducting transition

temperatures up to 10K and 9K , respectIvely. The composition and structure

of each of the superconducting phases remain to be determined .

b) Work on Metastable Superconductors

Our work on the metallurgy of the above RERh
4
B
4 

compounds led to the

discovery of a structurall y d istinc t high temperature modification (with the

same stoichuiometrv)which could be obtained as a sing le phase by substituting

small amounts of Ru for Rh. The superconducting and magnetic transition

temperatures obtained for this body—centered—tetragonal series

RE (Rh
085Ru015

)
4
B4 and for the pure Ru series of isostructural compounds ,

RERu4
B4, are shown in Figs. 2a and 2b , respectively.

7 
The T ’s among the

former series of compounds range from 4.0K for the Dy member to 9.6K for the

Y compound , and no transitions Into a magnetically ordered state were

found above 1.5K; these materials thus constitute only the third known true

ternary structure type to exhibit superconductivity in the presence of

a large concentration of highly magnetic rare earth ions. Again , the

presence of large concentrations of these highly magnetic rare earth ions

does not severely interfere with the superconducting behavior .

• 

•
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• A factor has been identified which correlates ~‘ith the divergence

in the superconducting properties of the two series of compounds shown

in Fig. 2. Whereas the members of the superconducting RE(Rh
085

Ru
015

)
4B4

series of compounds all exhibit c/a ratios less than 2.00, the RERu4
B4 series

shows c/a ratios greater than 2.00, even though the unit cell volumes of

• corresponding members of each series are nearly the same (see Fig. 3). In

order to study this correlation further and to determine the manner in which

the shift from high T ’ S to low T ’ S comes about , we stud ied the crystallographic

and superconducting properties of the Y(Rh
1 

Ru)
4
B
4 pseudoternary system .

7
Our results, shown in Fig. 4, indicate that the transition is quite abrupt ,

and that the transition does indeed occur at the composition (x ~~~ 0.5) at

which the c/a ratio increases past 2.00 with increasing x. The reasons for

this correlation have not yet been identified.

T data for the series of pseudoternary NaCl— type compounds

A~Sn1~~ Sb~
Se~ shown in Fig. support the contention that there exists

some as—yet—unknown mechanism which enhances T
c 

for systems exhibiting

abrupt composi tion—Induced metal—semiconductor transitions. Whereas

a monotonic decrease in T
c 

with increasing x is predicted on the basis

10of carrier concentration considerations , T increases initiall y, reaches

a peak for x = 0.15, and finall y decreases precipitously to < 1.5K as a

metal—semiconductor transition sets in at x = 0.4. This behavior is

reminiscent of that observed previously for the LIi+X
TI2_XO4 sp

inel system .
9’11

In the course of a continuing stud y of the relationship between

high—temperature superconductivity and low—temperature lattice instability,

we observed a very unusual variation of T
c 

with composition x (Fig. 6a) for

the Chevrel—phase compounds Cu Mo3S4
)2 Results of low—temperature x—ray

and electrical resistivity measurements (Fig. 6b and 6c) revealed that

I 1  
•
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I I . the three T ranges of Fig. 6a are those of three distinct low temperature

phases which are stable within the room temperature homogeneity range

of rhombohedral Cu Mo S . Pressure—induced discontinuities in T werex 3 4  c

also found (Fig. 7), corresponding to transformations between the three

phases. From the data of Figs. 6 and 7, the pressure—composition phase

diagram in Fig. 8 was constructed.

c) Electrical and Magnetic Measurements on Superconducting Materials at

Normal and High Pressures

We have identified one factor contributing to the anomalous pressure

dependencies of T in the ternary molybdenum chalcogenides through hydrostatic

compressibility measurements up to 29.8kbar on eleven of these compounds.
13

• Data for the ternary sulfides are shown in Fig. 9. Analysis of the data reveals

a small bulk modulus (B) for each compound , with values comparable to

those found in simple s—p elements such as indium. In contrast , the

magnitude of the first pressure derivative of B is nearly three times as

large as the largest reported values for elements.

The proposed relationshi p between the occurrence of nonlinear pressure

variation of T
c 

and crystallographic instability 14 has been further verified

through measurements on the Chevrel—phase compounds ZnMo
5S6, 

ZnMo
5
Se
6 

and

15Cu
0 7

Mo
3
Se
4
.

Powder neutron diffraction data’6 have confirmed the existence of

long—range magnetic order in the compound HoMo
6
S8. For this material , the

type of order is ferromagnetic (F.Lg.lO) , commensurate with the crystallographic

uni t cell and is coincident with the destruction of superconductivity.

S_
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Thus, the competitive interplay between the two cooperative phenomena

of magnetism and superconductivity yields similar results for HoMo
6
S
3 

and

ErRh4
B4.

3 
In contrast , low temperature neutron diffraction data

17 
for

ErMo
6
Se
8 reveal the presence of magnetic Bragg peaks which are not

compatible with a simp le ferromagnetic structure and this ternary

compound remains superconducting below the temperature at which

this magnetic structure occurs. Thus, ternary superconducting systems

continue to display a rich variety of properties not previously observed

in binary compounds.

One interesting feature of the magnetic behavior of the (RE)Rh
4
B
4

compounds is that the Gd member does not have the highest magnetic

ordering temperature , contrary to what one expects for magnetic exchange

via conduction electrons. Other , simp ler , borides (eg. (RE)B6 and

(RE)B
4
) also behave in this same anomalous way . We are investigating

this behavior in these simpler borides and have grown sing le crystals

of several (RE)B
4

t s for magnetic and electrical measurements. These

measurements are not complete.

Electrical resistivity measurements have been made on a number

of the (RE)Rh
4
B
4 

compounds. Figure (11) shows the data for HoRh4
B
4
. An

anomaly at the magnetic ordering temperature is evident , as well as the

negative curvature at higher temperatures , characteristic of superconducting

materials.

We have found that an unusual phonon—spectrum (e.g., non—Debye li~<e)

is reflected , In the case of A—l5 superconductors , by resistivity behavior

2 18 S
which varies wi th T at low temperature . We have observed that the

resistivity of Zr2
Rh (T

c 
= IlK) also fits such a power law above T ,

• 19
suggesting a similar cause for the u nusual properties of Zr2

Rh.

________ ~• - •-~~~~~~~~~~~ • - ~~~~~~ .. --
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Theoretical work by Fulde and co—workers2° predicts that scattering

of conduction electrons by the aspherical part of the 4f electron orbits

of rare earth ions can be a new coup ling mechanism for superconductivity .

We have presented a method for determining the magnitude of this

scattering mechanism from electrical resistivity measurements on

materials containing rare earth ions, and have successfully applied this

method to PrB
6 for which the effect was found to be relatively large .

21

d) Low Temperature X—ray Diffraction Measurements

The occurrence of low—temperature lattice distortion in Cu Mo S for
x 3 4

x ~ 2 was found to increase T above that of the room—temperaturec
12rhombohedral phase. This behavior is just the opposite to that

• previously observed for most other materials ; for the latter , distortions

to a less symmetric structure invariably reduced T .

Other systems exhibiting lattice transformations on which we have

now completed measurements are (La,Ce)Ru2 (correlation of dT /d p wi th

the cubic—tetragonal transformation)
22 

and (Hf,Zr)V2 (detailed investigatio~u

of lattice distortions and their correlation with T).
23

S
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TA D I ~~ .1

~~~~~~~~~~~~ a~d magnetic transition temperature s of ternary -
•

~~~~~~~ ~ot~ t~rnihrl~ wit- b ~ nrim4H~~ t - e t -~~~~q r,n~~~ ut 1cuh~ rci

Superconducting Magnetic
Transition Ordering
Temperature Temperature

Compound (K) (K)

YRh4B4 11. 34-11. 26

NdRh
4B4 5. 36-5. 26

SmRh
4
B
4 

2.51-2.45

GdRh
4B4 

• 5 . 62

TbRI-I4B4 7. 08

DyRh4B4 12.03

HoRh4B 4 6 . 56

Er1Th4B4 8. 55-8. 49

TmRh 4B4 9. 86 -9 . 73

LuRh4B 4 1 1.7 6 - 1 1 .54

ThRh
4
B4 4. 34-4. 29

Lu
0 75 Th

0 25Rh
4B4 11.93-11. 3 

.

Sc 0 75 Th0 25Rh4134 8.74-8. 49

• LI

. 
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1 Fl E r 1 ~~~l

9-
R E ( i~h 0 8 5  Ru 0 ~~ [3 4 D

7 -  -

2
Tc ( K ) - 

( )  
-

5 -  -

3— -.

>~~~~ 
I I~~~~I I  I

I --
I I —1——— I I I I i i i  I I I

RERU 4B4 • 

( b )
• 

.

1(K)
3 -~~~~ Tm -

•

H_ __ 
I _ _

La Ce Pr Nd Pm Sm Eu Gd IbYDy Ho Er Tm Yb Lu

Fi g. 2 Sui p e r c o i i d t u -  t lu g  (o)  and m a g n et  I c  (o)  t r a n s i t  ion t e m p e r a t u re s  for the
isostructura ! series of compound s  RE(R1I0 85 RUØ 15 )4 B 4 ( F i g .  2a) and
R E R u 4 B 11 (Fig. 2h) whi ch crystallize in the  bod y — c e n t e r e d — t e t r a g u u i a l

• Lu R u 4 B4 structure. The arrows i n d i c a t e  t e m p e r a t u r e s  above w h i c h  t i e
transitions were observed by ac m a g n e t i c  s u s c e p t ib i l i t y  m e a s u i r u m e n t s ,
and t h e  syniho 1 X I ml I cat  es that I lie e I emen I below it does n ot  form the
1)IIase 
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Fig. 3. Cry stallographic data for two serie s of body-centered
tctragonal compounds.
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Scientific Impact

The most important aspect of the work comp leted under this contract is

the discovery of the occurrence of high superconducting t ransi t ion temperatures

in the presence of large localized magnetic moments. This extremely unusual

phenomenon gives hope for higher T ’S as well as the expectation now under

investigation , that critical field measurements for these superconductors may

provide important clues for the achievement of higher critical fields , a

development which would ~e of great technologic significance.
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• STATEMENT OF WORK (1 October 1976 — 31 Dec. 1977)

a) Synthesize, measure , and analyze new multicomponent superconductors.

b) Synthesize and measure new metastable superconductors , by somehow
circumventing their instabilities.

c) Perform electric and magnetic measurements on superconducting

materials at normal and high pressures.

d) Pe rform low temperature x—ray d i f f r a c t i o n  measurements on superconductors .
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