
PHYSICAL REVIE%' B VOLUME 33, NUMBER 3 1 FEBRUARY 1986

Upper critical field and heat capacity in the reentrant
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Low-temperature hest capacity, upper-critical-field measurements, and ac magnetic susceptibility
are utihzed to study the interaction between superconductivity and magnetic order in the
orthorhombic compounds {Lul „Er„)Ru82. Reentrant superconductivity is observed in a concen-
tration range just below a critical value {x„=0.5), where the superconducting and magnetic phase
boundaries meet. For samples with concentrations greater than x„, two magnetic transitions are
observed, opening the possibility of complex magnetic states. The strength of the effective exchange
field, 8, is derived from the conduction-electron —rare-earth spin-exchange interaction. Supercon-
ductivity is quenched and reentrance occurs when H betAxnes comparable to the Pauli paramag-
netic limiting field. Hest-capacity data for LuRu82 yield a relatively high Debye temperature of
4S7 K and an electronic specific-heat coefficient of 7.05 mJ/mol K'.

I. INTRODUCTION

Measurements of the ac magnetic susceptibility X„and
the electrical resistance on primitive tetragonal ErRh484
(Ref. 1) and Chevrel-phase HoMosSs (Refs. 2 and 3) re-
veal a normal-to-superconducting —state transition at T, &

followed at lower temperatures by the onset of a magnetic
transition at T, followed by a transition back to the nor-
mal state at T,z. In these two strict ternary phases, the
magnetic ions completely occupy their own unique sublat-
tice. This reentrant superconductivity can also be induced
by varying the transition metal or magnetic ion composi-
tion to alloy superconducting and magnetically ordered
ternaries to form a pseudoternary solid solution such as
Ho(Rh t Ir )484, where reentrant superconductivity
occurs between x=0.08 and x=0.22, with the Ho + ions
still occupying a distinct sublattice. ' In the system
(Ho~ Lu, )~8+ Ho + and Lu + ions are distributed
randomly on the same sublattice over the entire rare-earth
concentration range, and reentrant superconductivity
occurs for compositions between x=0.08 and 0.72. The
magnetic rare-earth (RE) ions are distributed in a periodic
array throughout the lattice, and the magnetic order is
long range in nature.

Recently, new superconducting ternary borides MTB2
(M=Sc,Y,Lu and T=Ru,Os) with superconducting tran-
sition temperatures from 1.3 K for ScOsBz to 10.0 K for
LuRuBq have learn reported with an orthorhombic struc-
ture. ' The isostructural, magnetically ordered com-
pounds with M=Tb, Dy, Ho, Er, or Tm have magnetic
transition temperatures between 2 and 46 K. The suitably
high superconducting transition temperature of 10.0 K for
LuRuBz provides a good opportunity for a systematic
study of the questions of reentrant and coexistent super-
conductivity. One of the isomorphic pseudoternary sys-
tems, (Tmt, Lu )Ru82, has been reported with reentrant

superconductivity occurring between rare-earth concentra-
tions x=0.52 and 0.68. The absence of coexistence be-
tween superconductivity and long-range magnetic order in
this system suggested a ferromagneticlike nature of the
magnetic state. Similar to the 1:4:4 composition ratio
borides, boron pairs also appear in this structure. With
the lower transition-metal concentration, the LuRu82-
type structure possesses some crystallographic features
which are not present in MT484 structures, namely, (i) the
absence of transition-metal clusters, (ii) the relatively long
distance between Ru atoms (3.03 A), and (iii) the short
(3.10 A) Lu—Lu intraplanar bonds. This short RE-RE
distance and the possibility for direct coupling between
rare-earth atoms motivated this investigation into the
strength of the pair breaking interaction in these materi-
als. Additionally, ErRuBz was found in this work to ex-
hibit two distinct magnetic ordering temperatures, 10.0
and 5.3 K, rather than the previously reported single tran-
sition 5.21 K. This difference attracted our attention to
the relation between two transitions and the effect of the
Er3+ ion in the LuRuBz structure; therefore, the pseu-
doternary system (Lut, Er„)Ru82 was studied in its en-
tirety.

To further characterize these materials, resistivity data,
upper-critical-field determination, and heat-capacity mea-
surements are included in order to clearly define the elec-
tronic properties. Various superconducting- and normal-
state parameters are derived.

II. EXPERIMENTAL DETAILS

A11 samples were synthesized in an identical manner.
The rare-earth elements were arc-melted together to form
a master ingot of LuEr as a starting material for pseu-
doternaries (Lut „Er~)Ru82. After a stoichiometric
amount of boron was arc-melted into a ruthenium ingot,
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the appropriate ratio of starting material (LuEr), pure
rare-earth element (either Lu or Er), and Ru82 was fixed
by arc-melting them into one ingot. This final product
was melted several times to promote homogeneity. Final-
ly, the samples were sealed in a Ta tube with an argon at-
mosphere and annealed according to the schedule: two
days at 1250'C, from two to three weeks at 1000'C, fol-
lowed by a quench in water to room temperature.

Powder x-ray data showed the annealed sample of Er-
RuB2 had an extremely small amount of unidentified ter-
nary phase (approximately 5%). All other samples were
single phase as determined by powder x-ray data. The
phase boundaries between the paramagnetic, supercon-
ducting, and magnetically ordered phases in this pseu-
doternary system have been determined by ac magnetic-
susceptibility measurements down to 1.1 K. The room-
temperature resistivity for LuRuB2 was determined by a
dc method using four leads attached to a rectangular-
shaped sample having dimensions of approximately
0.5 X 1.5X0.7 mm'. The slope of the V-I curve was used
to determine the resistance. Because of slight anisotropy
in the resistance of these samples, perhaps caused by pre-
ferred crystallite orientation when quenching samples in
the arc furnace, a correction to the van der Pauw
method' was made based on the report of Montgomery. "
The heat-capacity data were obtained between 0.6 and 26
K for a 4-g LuRuB2 bulk sample.

T i and T 2, respectively, for ErRuB2.
The low-temperature phase diagram for the pseudoter-

nary system is completed by ac magnetic-susceptibility
measurements and represented in Fig. 2. This critical
temperature versus rare-earth concentration plot shows
the sample LuRu82 with T, =9.9 K having the highest
superconducting transition temperature for any material
with an orthorhombic structure. With increasing erbium
concentration, the depression of T, is dr;/dx= —0.11
K/at. % Er +. A similar rate was observed for Tmi+
ions in the (Tmi „Lu„)RuB2 system. It should be noted
that the behavior of both magnetic transitions as a func-
tion of concentration is identical; that is, we observe two
parallel sets of magnetic transitions from T~i ——10.0 K
and T 2

——5.3 K for ErRuB2 with the decreasing rate
dT~/dx = —0.10 K/at. % Lu. This is the first report of
double magnetic transitions in a reentrant superconduct-
ing system. The region between the extrapolation curve of
the first set of magnetically ordered transitions at the Er-
rich side, expressed by the dashed line in Fig. 2, and the
T,2 curve is possibly a region in which the superconduct-
ing state and a complex magnetic state may coexist as in
ErRh4B4 (Ref. 12) and HoMo6Ss (Ref. 13).

The initial de ression dT, /dn near LuRuB2 caused by
the magnetic Er + ions of atomic concentration n can be
used to estimate the exchange-coupling constant N(E~)I'
from the Abrikosov-Gorkov expression'

III. RESULTS AND DISCUSSION (dT, /dn)„0 —— HN(E~)I—(gj i) J(J+1)/2k', (1)

A. Crystallographic and electronic properties

The ac magnetic susceptibility versus temperature for
three selected samples is shown in Fig. 1. The sample
with rare-earth concentration x =0 shows a simple super-
conducting transition, while the sample with x=0.47 ex-
hibits the reentrant behavior. For the susceptibility data,
we define the critical temperature, T, or T, i, as the mid-
point of the transition into the superconducting state,
while T, 2 is the temperature at which the superconduct-
ing state is completely destroyed. Two peaks due to mag-
netic order appear at 10.0 and 5.3 K and are defined as IO—

I l I

(Lul-X ErX) Ru 82 I TCl

C2

where N(EF) is the density of states at the Fermi energy,
I' is the exchange-couplin~ parameter between the con-
duction electrons and Er + local moments, gz is the
Lande g factor for the total angular momentum J of the
Er + ions and forms the de Gennes factor
(gq —1) J(J+1),and ka is the Boltzmann constant.
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FIG. 1. ac magnetic susceptibility versus temperature for
three compounds in the system (Lul Er„)RuBz. Critical tem-
peratures for (~) superconductivity ( T„T,l ), (0) magnetic order
( T &, T q), and (4) reentrant behavior {T,2) are noted.

FIG. 2. Lour-temperature phase diagram for the system
(Lul „Er„)RuB2. Superconducting (T,~), magnetic (T ), and
reentrant {T,2) temperatures are noted. Error bars on T, I

represent 10—90% transition vndths.
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Using 4(dT, /dx)» 0
——(dT, /dn)„0, gj ——1.20 for the

Er + ion and our experimental value of
(dT, /dx) 0= —0.11 K/at. % Er + yields a value of
2.88 X 10 (eV atom states)/spin-direction for the cou-
pling constant I N(EF) This value is about 1.7 times
larger than that obtained for the (Ho&, Lu )Rh4,B4 (Ref.
6) system and 2.5 times smaller than that reported for
(Tm&, Lu )RuB2 (Ref. 9) pseudoternaries. For each of
these systems, the analysis used the full value of J from
the Hund's-rule ground state of the rare-earth ion. Crys-
talline electric field effects could result in a different J at
low temperature.

The smooth linear behavior of the lattice parameters
and unit-cell volume is shown in Fig. 3. This regular
dependence of crystallographic parameters on rare-earth
concentration is similar to behavior reported for other
pseudoternary superconducting-magnetic systems. ' '
The distinct and abrupt changes from simple supercon-
ductivity to reentrant superconductivity to long-range
magnetic order are not reflected in these crystallographic
quantities.

The resistivity as a function of temperature for four
samples in this system is presented in Fig. 4. Note that
the compounds with higher T, exhibit a more pronounced
negative curvature in the resistivity. This negative curva-
ture has been observed in high-T, 215 compounds. '

One common test for the purity of a metal is that it has a
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FIG. 3. Lattice parameters and unit-cell volume for com-
pounds in the orthorhombic series (Lu& „Er„)RuB2.
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low residual resistivity or equivalently a high residual
resistance ratio (RRR). On close inspection of these four
relative resistivity curves, one notes that the lowest RRR
occurs for the x=0.45 sample. This indicates the in-
creased scattering of conduction electrons due to the dis-
order on the rare-elth sublattice sites. RRR values for
our samples vary from roughly 6 to 14 over the concen-
tration range x =0.0 to x=0.45. The small bump in rela-
tive resistance for the LuRuB2 sample at -130K is prob-
ably caused by an error in measurement and was not
reproducible. Examining the resistivity data for the mag-
netically ordered sample ErRuBi, one observes that the
curvature disappears in this sample. A drop in resistance
begins at T

&

——10 K, indicative of the decrease in the
spin-disorder scattering occurring below the first magnet-
ic ordering temperature. Any feature in the resistivity at
T 2 is difficult to distinguish due to the small value of p
at this low temperature.

For isotropic materials, the resistivity can be obtained
from the resistance by applying the van der Pauw
method. ' Due to preferred orientation of grains which
occurred in the synthesis, we use the method of
Montgomery" to correct the results, assuming grain-
boundary scattering is the primary factor causing the an-

isotropy. From a sample in the shape of a rectangular
parallelepiped, a value of 866 pQ cm is calculated as the
room-temperature resistivity of LuRuB2. Therefore, the
residual resistivity p for this sample is 55 pQ cm. The
residual resistivities for five selected samples are listed in
Table I.

The resistivity data for LuRuBi, along with a best-fit
curve are shown in Fig. 5. The data are fitted to an
empirical formula used by Woodard and Cody's to model
the resistance of Nb3Sn:

—To/T
p( T) =p~+piT+pze

where p~ is the residual resistivity and pi, pz, and To are
fitting parameters. The second and third terms represent
the high- and low-temperature limits of the occupation
number of a particular phonon which assists in interband
scattering according to Wilson's model of s-d scattering.
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FIG. 5. Resistivity versus temperature for t.uRuB2. The
solid curve is a best fit to the data as detailed in the text.
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P( T)=Pres+P3T (3)

The coefficients obtained from this fitting are 1.31
pQ cm/K for pi, 651 pQ cm for p2, and 136 K for To I.n
the very-low-temperature range (T &40 K), Eq. (2) with
the calculated coefficients cannot satisfy the experimental
data; however, this fit is significantly superior to any
power-law fit over this wide temperature range.

Similar to Nb3Sn, which exhibits a high superconduct-
ing transition temperature and strong negative curvature
in its resistivity, the resistivity of LuRuB2 is found to
obey a T' law for T &40 K, indicative of s-d phonon
scattering at low temperature. The fitting equation is
given for very-low-temperature data (T, to -40 K) by

l2

a OG
1 95$
a 258
e 4.34

6.2
g 6.69
h 7.3
~Q

i

0 2

with the fitting parameter pi ——1.01X10 pQcm/K as
shown in Fig. 6. The inset of this figure represents the
plot of p-p,~ versus T . These data reveal a linear
behavior and confirm that Eq. (3) is a good fit to the low-
temperature resistivity of LuRuBt. Similar results are ob-
tained for the (Luo ssEro 3$}RuB2 superconducting sample
with a residual resistivity of 22.0 pQ cm, pi ——0.26
pQ cm/K, pz ——174 pQ cm, To 191 K——, and ps
=1.57X10 pQcm/K. To summarize the resistivity
data for the (Lui, Er )RuBs system, we find that the
Woodard-Cody model for 315 compounds adequately de-
scribes the resistivity data for all superconducting samples
in this system within a standard deviation of 2%.

B. The upper critical field H, q and density of states N(Ei )

The effects of an external magnetic field on the reen-
trant superconductivity were studied for variety of com-
positions. Typical traces using a temperature sweep in

constant magnetic field are shown in Fig. 7 for the
(Luo soEre 4o)RuB2 sample. In this figure, the supercon-
ducting state exists over a 4-K-wide region in zero field.
By increasing the external field, this superconducting re-
gion narrows as T~ increases and T, i decreases. This

FIG. 7. Resistivity as a function of temperature in various
applied magnetic fields for the reentrant superconductor
(Luo 60Er04e)RuBz. Lines are drawn as a guide to the eye.

behavior of T~ in an external field implies that the low-
temperature reentrant magnetic order is probably fer-
romagnetic. At a field between 2.6 and 4.3 kOe, the sam-
ple ceases to show a complete superconducting transition.
At even higher fields, the resistive transition tends to
broaden and the drop in resistivity becomes smaller.
These phenomena are also seen for the (Luo s&Ere 4&)RuBz
sample in Fig. 8. This sample is closer to the critical
composition x„=0.50. For this x=0.45 sample one ob-
serves a narrower superconducting region as well as a
lower critical field required to destroy superconductivity
and to completely suppress the drop in resistivity.

The data in Figs. 7 and 8 as well as analogous results
for the superconducting samples with x=0.00, 0.15, and
0.35 in the (Lui, Er, )RuB2 system yield the relations be-
tween the upper critical field H, 2 and temperature shown
in Fig. 9. The maximum applied field is approximately 9
kOe in these measurements, and is not sufficient to allow
the observation of the complete curve for the higher T,
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FIG. 6. Lour-temperature resistivity of LuRu82. The inset il-
lustrates the T dependence of the resistivity in this temperature
range. Solid lines represent a best fit to the data as described in
the text.

FIG. 8. Resistivity as a function of temperature in various
applied magnetic fields for the reentrant superconductor
(Luo 55Er045)Ru82. Lines are drawn as a guide to the eye.
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FIG. 10. Initial slope of the upper critical field as a function
of Er concentration in the pseudoternary series
{Lu~ „Er„)RuBq.
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FIG. 9. Upper critical field versus temperature for five com-

pounds in the system (Lu1 „Er„)Ru82. Lines are drawn as a
guide to the eye.

samples, for example, the samples with x=0.0 and 0.15.
The dashed curve for the x=0.35 sample in the field
above 9 kOe represents the interpolation of data into this
intermediate-temperature regime. Note that the reentrant
behavior is evident for samples with higher Er + concen-
tration. These measurements are consistent with data ob-
tained from magnetic-susceptibility measurements. From
this experiment, one obtains the initial slope of the
upper critical field H, 2, (dH, 2/dT)

~ z, as a function

of Er concentration. The linear relationship between

(dH, 2/dT)
~ z and x is shown in Fig. 10

From the data obtained from upper-critical-field mea-
surements, the electron-phonon-enhanced density of states
N'(EF) can be determined by measuring (dH, 2/dT)

~ z

and the residual resistivity. The most reliable estimate for
N (Ez) is obtained in the "dirty limit" (I & go), where / is
the electronic mean free path and go is the BC$ coherence
length. The BCS relationship in the dirty limit is given
by1

CfT T
=4.48g 10 yp,~, (4)

where (dH, 2/dT)z is in Oe/K, the normal-state electron-

ic specific-heat coefficient y is in erg cm K, and p, is
in Qcm. Measurements of (dH, 2/dT)

~ T and p, yield

an experimental determination of the quantity y. The
enhanced density of states at the Fermi energy is then ob-
tained by using the formula'9

N'(E, )=(2+k,'/3)-i&=7. 97~ 10», ,

where N'(EF) is in states/(cm ergspin-direction) and y
is in erg/cm K .

For clarity, a summary of the experimental and calcu-
lated parameters for the system (Lu, „Er„)RuBz is given
in Table I. The transfer of units from cm to mole is
based on Z =4 and the unit-cell volumes (-190 A ) for
samples in this system. The calculated values y=8.67
mJ/mol K and N*(EF)=0.46 states/(eV atom spin-
direction) for LuRuB2 are smaller than y =25.8
m J/mol K2 and N'(EF ) =0.61 states/(eV atom spin-
direction) for LuRh4B4. Our superconducting transition
temperature T, 1 and reentrant temperature T,2 are slight-
ly higher as determined by resistivity measurements com-
pared to the ac magnetic-susceptibility data. We deter-
mine the bare density of states at the Fermi energy, the
electron-phonon coupling constant A,, and exchange cou-
pling parameter I, with additional information from
specific-heat measurements.

C. Low-temperature specific heat

The detailed heat capacity C versus temperature T of
LuRu82 between 0.6 and 26 K is shown in Fig. 11.
Hest-capacity data were taken with increasing tempera-
ture in this temperature range. The 4-g sample used for
this purpose has a normal-to-superconducting transition
temperature at 8.7 K determined from X data. This
transition temperature is lower than the T, =9.9 K ob-
tained for a small sample. A possible explanation is that
about 10% unidentified iinpurity phases yield the broader
transition width in ac magnetic-susceptibility T, deter-
mination. At T, =8.9 K, LuRuBi exhibits a specific-heat
jump where it undergoes a transition from the normal to
the superconducting state. This result is in good agree-
ment with magnetic-susceptibility data obtained on the
same sample. Shown in the inset of Fig. 11 is a detailed
plot of C/T versus T from 0.6 to 26 K. A marked
departure from simple Debye-type behavior above T, is
apparent.
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FIG. 11. Low-temperature heat capacity versus temperature
for superconducting LuRu82. The inset displays C/T vs T~.

Parameter

o~~

N (Ep)

Ng, (Ep)
h, C/y T,
2S(0)/k, r,
I

K
mJ/mol K
mJ/mol K
mJ/mol K
mJ/mol K

K
states/(eV atom spin)

states/(eV atom spin)

eV atom

Value

8.9
68
7.05

6.75 X 10-'
1.77X10-'

487
0.37
0.59
0.24
1.09
3.02
3.5X10 '

TABLE II. Superconducting and normal-state properties of
LuRuB2 derived from los-temperature heat-capacity data.

N'(Ep) =0.2121y/N, (6)

where the units of N'(E~) are states/(eV atom spin-
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FIG. 12. Heat capacity versus temperature for LuRu82 at
temperatures above the superconducting critical temperature.
The solid line represents the least-squares fit to the data.

Since LuRuBi cannot be characterized by a Debye-type
specific heat af the form C=yT+PT' for temperatures
above T„an additional term aT' was used to fit the
normal-state heat capacity; therefore, the expression be-
comes C =y T+pT +aTs. In this modified Debye
model, the y T term is the electron contribution to the heat
capacity, while pTi is the lattice contribution to the heat
capacity, and the aT' term accounts for anharrnonicity in
the lattice. Using this expression for C, the normal-state
entropy S is given by S=yT+ —,

' pT + —,aT~. Plotting
(C—$)/T versus T above T, yields a linear functian
with an intercept of —', p and a slope of ', n Usin—g va. lues
of p and a obtained by a least-squares fit to this function,
the normal-state heat capacity is fitted to the function
C=y T+pT +aT to obtain the additional fitting coef-
ficient y=7.05 mJ/molK. The calculated curve pro-
vides an excellent description of the data in the tempera-
ture range from T, to 23 K as can be seen in Fig. 12.

In order to calculate the enhanced density of states
N'(E~ },a convenient farmula is expressed by

direction), the units of y are mJ/molKi, and N is the
number of atoms per formula unit. If the units of p are
mJ/molK, then the Debye temperature 8D in Kelvin
may be calculated from

0" g) =(1.946X10 N/P)' (7)

N (Ep)=Ns{Ep)(1+A,), (9)

yielding a value of Nb(E~}=0.24 states/(eVatomspin-
direction) for LuRuB2. This compares a value of 0.35
states/(eV atom spin-direction) derived for LuRh4B4
(T,=11.5 K) and Y~B4 (T, =10.8 K) from band-
structure calculatians. 'z Meanwhile, using the Ns(E~)
value along with Nb(Ep)I' =2.88X10
(eV atom states)/spin-direction, the estimated strength of
the pair breaking interaction I is derived as 3.50X 10
eV atom, which is larger than the value 2.2 X 10
eV atom for the (Lui Ho„)Rh48& (Ref. 6) system.

The energy gap at T=O, 6(0), can be deduced from the
heat-capacity data C, in the superconducting state. Tak-
ing C~ and CI as the electronic and lattice contributions
to the specific heat in the superconducting state, respec-
tively, then C =C, —CI. In the modified Debye model
described previously, the lattice part of heat capacity C& is
in the form Ci =pT3+aT~, while the electronic part near
the superconducting transition can be expressed as

C =A&exp[ —(h(0}/k+T)], (10)

where k~ is Boltzmann's constant. A least-squares fit of

From our experimental heat-capacity data and Eqs. (6)
and (7), we obtain N'(EF)=0.37 states/(eVatomspin-
direction) and 8n ——487 K. The jump in heat capacity at
T, yields a value of b C/y T, =1.09 which is smaller than
the BCS value2' of 1.43. The strength of the electron-
phonon interaction A, listed in Table II is derived from T,
using McMillan's expression and a typical transition-
metal value of 0.1 for the Coulomb pseudopotential p' in
the equation

1.04+p'ln(SD /1. 45T, )

(1—0.62@')ln(8D/1. 45 T, )—1.04

Fin&By, the bare density of states Ns(E~) is given by
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ing state of LuRu82 as a function of temperature. The exponen-
tial dependence of C„ is evident in the inset a&here C is

graphed on a log scale versus 1/T. Solid lines represent the best
fit to the data as described in the text.

C~ versus temperature 1is shown in Fig. 13. The fitting
parameters are A i

——592 mJ/mol K and b(0)/ks ——13.4 K
in the temperature range 4.5 & T(7.9 K. The linearity
of C~ plotted on a log scale versus 1/T is shown in the
inset of Fig. 13 and confirms the exponential dependence
of C . Thus, the energy gap h(0) is found to be
1.6X 10 eV and yields the quantity 25(0)/ks T, =3.02
which is smaller than the BCS value of 3.52. Table II
provides a convenient summary of these heat-capacity
data.

IV. DISCUSSION AND CONCLUSION

For the pure ternary LuRuBq the low-temperature
heat-capacity data are described well by a modified Debye
model with a relatively high Debye temperature. The nor-
malized jump at T, and energy gap are both slightly
smaller than the BCS values. These findings are con-
sistent with a moderate electron-phonon coupling con-
stant. In the pseudoternary series (Lui, Er, )RuBq the
occurrence of reentrant superconductivity induced by the
onset of magnetic order as displayed in the concentration
range 0.35 &x & 0.50 provides an opportunity to study the
question of coexistence of superconductivity and long-
range magnetic order. Ferromagnetic order is suggested
by resistivity measurements at low temperature for reen-
trant samples under various magnetic fields. Evidence of
reentrant superconductivity is present in ac magnetic-
susceptibility measurements and upper-critical-field data.
If one neglects the second set of magnetic transitions, the
low-temperature phase diagram for the (Lui „Er„)Ru82
system exhibits behavior similar to other reentrant sys-
tems.

The discovery of two sets of magnetic transitions for
the Er-rich compounds is different and interesting. These
double transitions may signal the presence of complex

magnetic states in analogy with other superconducting-
magnetic ternary systems such as the RzFe&Si& (R denotes
a rare-earth element) compounds which have incommen-
surate magnetic structures. A determination of the
magnetic structures of ErRu82 by neutron-diffraction ex-
periments would be revealing.

Our analysis of critical-field and resistivity data pro-
duces different values of y and N(Ez) than the fit to our
experimental love-temperature heat-capacity measure-
ments for LuRu82 (compare Tables I and Il}. This 20%
discrepancy may be attributed in part to the uncertainty
in determining an absolute value for the residual resistivi-
ty p,~, which is an important quantity for calculating y
from critical-field data [Eq. (4)]. The values of y and
N(EF} obtained from low-temperature heat-capacity ex-
periments should be considered more accurate for
LuRuBz. The critical-field measurements are important
because they show the linear decrease of N(EF } as the Er
concentration increases across the pseudoternary series
(Lui „Er„)RuBz.

In ternary superconductors containing a regular sublat-
tice of magnetic rare-earth ions, the effective exchange
field H,„may be derived from the conduction-
electron —rare-earth spin-exchange interaction term in the
Hamiltonian

A = —1(gJ—1)J s=H„.p,rf,

where H,„=I(gz —1)J/gpz, p,fr=gpss is the effective
moment, and g is the gyromagnetic ratio. If H,„exceeds
Hz, the Pauli paramagnetic limiting magnetic field
Hz ——b,(0)/(2p~)' =18.4T, (kOe), a first-order transi-
tion from the superconducting to the normal state would
be expected. For the (Lui, Er )RuBi system, these
fields, due to the magnetic Er + ions, can be estimated
from our experimental data to be H,„-=480 kOe and
Hz-180 kOe. In this pseudoternary system, the effective
H,„should be modified by multiplying by the fraction of
Er + ions present when reentrance is first olmerved. With
x =0.38, the result H,„=180 kOe= Hz gives an excellent
explanation for the reentrant phenomena starting from
x =0.4. We conclude that this exchange mechanism is re-
sponsible for the destruction of superconductivity in these
alloys.
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