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POSSIBLE OBSERVATION OF THE COEXISTENCE OF SUPERCONDUCTIVITY
AND LONG-RANGE MAGNETIC ORDER IN NdRh

4B4

H. C. Hamaker,* L. D. Woolf,* H. B. MacKay,*
Z. Fisk~~andM.B. Maple*

Institute for Pure and Applied Physical Sciences
University of California, San Diego. La Jolla, California 92093

The ternary rare earth compoundNdRh4B4 has been studied by
means of critical field, low temperature heat capacity, and static
magnetic susceptibility measurements. Features in the upper criti-
cal field and heat capacity data at 1.31 K and 0.89 K suggest the
occurrence of long-range magnetic order in the superconducting
state. The temperature dependenceof the static magnetic suscepti-
bility follows a Curie-Weiss law with an effective magnetic moment
~

1eff 3.58 ±0.05 ~ B and a Curie-Weiss temperature = -6. 2

±1.0 K between 20 K and room temperature. However, magnetiza-
tion vs. applied magnetic field isotherms suggest the development of
a ferromagnetic component in the Nd3+ magnetization at low tempera-
ture s.

During the last two decades, considerable results for Tb
1 2Mo6S8 and Dy1 2Mo6S8 having

effort has been devoted to the search for the
recently been confirmed by neutron scatteringcoexistence of superconductivity and magnetism. .experiments. ‘ Coexistence of superconduc-

Recently, two classes of ternary rare earth . .
tivity andaritiferromagnetic order was inferred

(RE) compoundshave been discovered in which
in Gd Mo Se0, Tb,~Mo6Se . andEr M0LSe

superconductivity and long-range ordering of X o a o x
the RE magnetic moments havebeen observed, by McCailum et al. 11-14 andAzevedo et al. 15
the RE rhodium borides RERh4B4 and the RE from the presence of a lambda-type specific
molybdenum chalcogenidesRE~Mo6X8 (x = 1. 0 heat anomaly at a temperature T~< T~. where
or 1. 2 and X = S or Se). In the RERh4B4 sys- Tc is the superconducting transition tempera-
tern, compoundswith RE = Nd, Sm, Er, Tm ture, and an accompanying cusp-like feature in
and Lu exhibit superconductivity, while corn- the magnetic susceptibility at T). Neutron
pounds with RE = Gd, Tb, Dy and Ho order scattering experiments have confirmed long-
ferromagnetically. 1 In the RE~Mo6X8system, range magnetic order below T~in Er,~Mo6Se8.
the compoundsare superconductingfor all RE but it has not yet been possible to determine
except Ce andEu. 2, 3 In particular. ErRh4B4 the magnetic structure because of complications
and Ho1 2M06S8 show re-entrant supercon- introduced by impurity phases.16
ductivity, wherein ferromagnetic order destroys Although such measurements prove that
the superconductivity at a temperature T~zbe- superconductivity and antiferromagnetic order
low the superconducting transition temperature can coexist, no experimental evidence has been
T~i. ~ By meansof critical field and mag- found for the coexistence of superconductivity
netic susceptibility measurements, Ishikawa and long-range ferromagnetic order. The
and Fischer

8 deducedthe coexistence of super- presenceof both superconductivity and ferro-
conductivity and antiferromagnetic order in magnetic order in the RERh

4B4 compounds
RE1 2Mo6S8 for RE Gd, Tb, Dy and Er, the suggests, however, that coexistence of these
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03-0034-PA227-3.
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two phenomena might occur in some of the 

superconducting members of the series. To 

investigate this possibility, we have measured 

the upper critical field, heat capacity, and 

static magnetic susceptibility of NdRh4B4 which, 

in zero applied field, becomes superconducting 

at 5.4 K. The results indicate that long-range 

ordering of the Nd3+ magnetic moments devel- 
ops in the superconducting state, although we 

have not been able to establish the nature of the 

magnetic order. 

Two samples of NdRh6B6 were synthe- 

sized by arc-melting the high purity elements 

under argon. The samples were made off 

etoichiometry from the RERh4B4 composition 

because the additional RhB stabilizes the 

NdRh4B4 phase. X-ray spectral analysis re- 
vealed the presence of two impurity phases in 

addition to NdRh4B4: the corn ounds RhB and 

NdRh6B4. The fraction of Nd Y ’ ions associ- 

ated with the NdRh6B4 impurity phase was 

estimated to be of the order of 0.15. Low fre- 

quency ac magnetic susceptibility measure- 

ments above 0.06 K reveal no superconducting 

or magnetic transitions in RhB and a single 

ferromagnetic transition at 4. 9 K in NdRh6B4 . 
Annealing the samples forms more NdRh6B4 

at the expense of NdRh4B4 and therefore was 

not performed. 

The first sample was used for both the 

four-probe electrical resistance and the mag- 

netization measurements. In the former exper- 

iment, a long parallelepiped-shaped sample 

aligned parallel to an applied magnetic field 

OF NdRh4B4 Vol. 31, No. 3 

was cooled using a He3-He4 dilution refrigera- 

tor to achieve temperatures from less than 

0.07 to 10 K. Magnetization data were taken 

using a Faraday magnetometer from 0,80 to 

294 K. The heat capacity of the second sample 

was measured between 0.5 and 36 K in a He3 

semi-adiabatic calorimeter using a standard 

heat-pulse technique. 

Figure 1 shows the sample resistance vs. 

temperature in various applied magnetic fields. 
For fields of 2 kOe or less, the sample re- 

mains superconducting below the transition 

temperature T, 1 . In fields of 3 kOe or more, 

the initial decrease in resistance is followed at 

lower temperature by a sharp increase in re- 

sistance, and, as the temperature is lowered 

even more, the resistance again rapidly de- 

creases. These abrupt changes in resistance 

appear to be a’ssociated with two additional 

superconductingJnorma1 transitions which 

occur in magnetic fields above 3 kOe. The fig- 

ure also reveals three characteristic features 

of the two superconducting-normal transitions 

below Tcl : 1) the pronounced thermal hyster- 
esis associated with the lower temperature 

transition; 2) the absence of any such hyster- 

esis in the higher temperature transition: and 

3) a resistance maximum whose temperature, 

T- 1.15 K, is independent of the applied mag- 

netic field. Although the temperature at which 

the resistance minimum occurs is not constant, 

its depender.ce on magnetic field is relatively 

small. 

The insensitivity of these two low tem- 

TEMPERATURE(K) 

6 

Fig. 1 ac electrical resistance versus temperature for NdRh6B6 

in various applied magnetic fields between 0 and 8 kOe. 
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perature transitions to magneticfield is evident peraturedecreases,the magnetizationof the
In the upper critical field Hc2 vs. temperature Nd

3+ions showsa tendencyto saturatewith in-
data that are displayedin Fig. 2. The transi- creasingfield to a value that is well below that

correspondingto themagneticmoment =

6 1 1 ~ B predicted for theHundts rule ground
stateof Nd3+. Similar behaviorwas previously

NdRh
6B6 observedin themagnetizationdataof ErRh4B4.

4
However, the T = 0. 80 K magnetizationcurve

\ J \ differs from the other four curvesby showing
5 - - less of a tendencyto saturate. This suggests

that the magneticstructure of the sample
changes between 0.80 and 1.11 K, consistent

/ \ with theupper critical field dataof Fig. 2.

4 - I - Figure 4 showsa plot of the inversemag-‘.J1 netic susceptibility ~‘ of NdRh
6B6vs. tern-

~ L1 (131K) \ peraturein an appliedmagnetic field of 8.5kOe.
C2 Above 20 K, the datacanbe describedby a

Tc3(O.89K) \ Curie-Weiss law with an effective magnetic

~ 3 - \. - moment Meff of 3. 58 ±0. 05 MB P~Nd
3+ ion,\ close to the free ion value of 3.62 UB. and a

\ Curie-Weiss temperature9~,of -6. 2 K ±1.0 K.
= Below 20 K, however, the susceptibility in-\ creasesmore rapidly than the Curie-Weiss

2 - - law, until it beginsto saturateat temperatures
below 5 K. This enhancementof ‘~~Mat low

\ temperaturesmay, in part, be accountedfor by
\ the ferromagnetic ordering of the NdRh

6B4
\ impurity phase.

I - \ — The heatcapacityC of NdRh6B6vs.
\ temperaturein zero applied magneticfield is
\ shownin Fig. 5 for the temperaturerange0. 5
\ to 7 K. The datareval a relatively broad spe-

cific heatanomalyat approximately5 K, which
0 I 2 3 4 5 6 we attribute to the magneticordering of the

impurity phaseNdRh6B4. a small specific heat
I EMrERATURE 1K, Jumpat the superconductingtransition tempera-

Fig. 2 Upper critical field H versustern- ture Tcl = 5. 4 K, andtwo lambda-typeanoma-
c2 lies at Tc2 1. 31 K and Tc3 = 0.89 K, respec-

perature for NdRh B . The arrows tively. Comparisonof the heatcapacitydata
6 6 with the data of Fig. 2 shows that the peakat

representthe transition temperatures TcZ occurs at approximately themidpoint of
the sharpdepressionof the HcZ vs. tempera-

defined by the two lambda-type ture curve, while Tc3
1ies slightly below the

temperaturecorrespondingto theminimum in
anomaliesobservedin the heat the curve. Although critical field curves some-

what similar to that of NdRh
6B6havebeen

capacitydata, observedin RE1 2Mo6S8 compoundswhich dis-
play a single antiferromagnetic transition, 8

tion temperatureswere definedas the tempera- specific heatmeasurementsfor thesesub-
turesat which the sample resistancewas 50% stanceshave revealedonly one lambda-type
of the normal statevalue. The critical field anomalyassociatedwith this type of magnetic
curve shows an abruptdepressionbelow T = ordering. 17
1.6 K, followed by a slightly more gradualin- Themagnetic susceptibility data suggest
creasebeginning at T = 1. 0 K. However, that themagneticallyorderedstatesthat appar-
H~z(0)—~5. 4 kOe remainsbelow the value of ently developin NdRh4B4at T~2andTc3 are
—.6. 5 kOe onewould expectfrom an extrapola- relatively complex. Whereasthe Curie-Weiss
tion of thedata above 1. 6 K. Another peculiar temperaturedependenceof the magneticsus-
feature of the critical field curve is its positive ceptibility above 20 K indicatesthat the NdB+
curvature above 3 K. magneticmoments interact antiferromagneti-

MagnetizationM vs. appliedmagnetic cally, the depressionof the critical field at Tc2
field H isotherms fbr NdRh6B6 in the normal implies the existenceof additional pairbreaking
statewith H > Hc2 for five representativetern- in the sample. Furthermore, althoughthe sat-
peraturesare shownin Fig. 3. As the tern- uration observedin the isothermalmagnetiza-
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Fig. 3 Magnetization M versusappliedmagnetic field isotherms for

NdR.h6B6 at various temperatures between 0.80 and 7.52K.
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Fig. 4 Inverse magnetic susceptibility versus temperature for

NdRh6B6 . The solid line represents a Curie-Weiss law

with ~.j = 3.58 *0.05 and 0 = -6.2 *1.0 K.
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Fig. 5 Specific heat C versus temperaturefor NdRh6B6 in zero

appliedmagnetic field.

tion datamay partly result from the ferromag- the large critical field of the RERh4B4 struc-
netic behaviorof the NdRh6B4 impurity phase, ture in the absenceof magneticmoments, as
the greaterslope and smaller extrapolated evidencedby thevalue of Hc2(O) 65 kOe for
intercept at H = 0 of the M vs. H isotherm at LuRh4B4 •lo
T = 0. 80 K suggesta decreasein the ferro- The exactnature of the transitions at Tc2
magneticcomponentin NdRh4B4below Tc3~ andTc3 is difficult to establishbecauseof the
The dataaretherefore consistentwith the onset presenceof the additional impurity phasesin
of a ferromagneticcomponentof the Nd

3+ ions the sample. Although it seemsimprobable that
at T~zin the NdRh

4B4phasefollowed by a de- the impurity phasescould accountfor the Lea-
crease of the ferromagnetic component (pos- tures observed in the critical field data, such

sibly to zero) at Tc3. The absenceof re- a possibility cannotbe dismissedcompletely.
entrantsuperconductivityin zeroapplied field Further experimentsare plannedwhichwill
maybe due to a combinationof the compara- attempt to determineunambiguouslythe nature
tively low magnetizationof theNd

3+ ions and of themagneticordpring in theNdRh
4B4 phase.
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