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Magnetization measurements of reentrant ferromagnetic superconductors:
The pseudoternary system (Ert „Ho, )Rh4B4
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The magnetization of cylindrical samples of Er& „Ho„Rh484 has been measured in the tem-

perature range from 1.4 K to &c~(x), The low-temperature parts of the bell-shaped Hc&( T)
curves show an increasingly pronounced anomaly with increasing T,2. The low-temperature

magnetization curves and the observed behavior of Hcl vs T'suggests i transition from type-II
to type-I superconductivity in the vicinity of T, 2. The normal-state m magnetic susceptibility fol-

lows a Curie-gneiss law with a Curie temperature significantly below Tc& for x ~0.40.
(dHc2/dT)/z & is found to be constant within experimental error for x «0.60, but tbout acl
factor of 3 smaller for x =0.70.

I. INTRODUCTION

The discovery of superconductivity in several ter-
nary compound systems containing large amounts of
magnetic ions at regular lattice sites' 4 has stimulated
many experimental' "and theoretical" "studies on
the coexistence of superconductivity and ferromag-
netic order. In particular, the phenomenon of reen-
trant superconductivity observed in the ternary rare-
earth compounds HoMo6Sg (Ref. 37) and ErRh4B4
(Ref. 38) and the possibility of gradually changing
the strength of the magnetic interaction by using
pseudoternary systems' " offer a unique opportun-
ity to investigate the interplay between superconduc-
tivity and magnetism. Reentrant superconductors be-
come superconducting at an upper critical tempera-
ture T, ~ and return to the normal state at a lower
critical temperature T, 2 & T, i. Several theories
predict a variety of superconducting properties, e,g. ,
the shape of the H, 2 vs T curves, """a change
from type-II behavior to type-I behavior near T,2,

"
or the slope of the upper critical field near T, i,

"
which should be tested experimentally.

We report here results of magnetization measure-
ments of the pseudoternary system Er~ „Ho„Rh4B4 in
the temperature range from 1.4 K to T, i for x =0,
0.15, 0.20, 0.27, 0.40, 0.50, 0.60, and 0.'70.

II. EXPERIMENTAL

The samples were prepared by arc melting the ap-
propriate amounts of the high-purity elements in
zircon-gettered argon atmosphere. After remelting

several times, the samples were sealed in tantalum
tubes and annealed at 1050 C for 2 ~eeks. Subse-
quently the temperature was slowly reduced
(= l0'C/20 min) to room temperature to avoid
cracks. From the ingots cylinders of about 1-mm di-
ameter and 6-mm length were machined by an ultra-
sonic technique. The magnetization measurements
were carried out with a conventional integrating setup
using concentric pickup coils. Tive temperature was
measured with a carbon-glass resistor. The tempera-
ture stability was better than 10 mK. The samples
were mounted on a separate sample holder and could
be taken out of the pickup coils at low temperature.
Besides balancing the pickup system at the proper
temperature, this made it possible to raise the sample
temperature above T, ~

to drive out trapped flux
between different measurements. In order to reduce
geometry effects as much as possible we used cylindri-
cal samples which had demagnetization factors N
between 0.06 and 0.12. The measured magnetization
curves were corrected for the remaining demagnetiza-
tion effects by calculating the effective external mag-
netic field H,„„=H, „,—MN, where M is the mea-
sured magnetization. This correction leads to an in-
crease (decrease) of the magnetic field where the
magnetization is negative (positive). Further on the
subscript e is omitted, In the low-field region
(H,„,( H, ~) the slope of the magnetization was
(dMldH«~) IH & H, = —l + 0.08. The small devia-

tions from the theoretically expected value were attri-
buted to uncertainties in the determination of sample
diameters. Therefore it is reasonable to multiply the
measured magnetization by a constant factor to yield
(dMldH, „,) IH ~g = —l for comparison.
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III. RESULTS AND DISCUSSION
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H, 1 was determined as the field, where M deviates
from the straight line M = —H, „,when the field is in-

creased from zero, H, 2 as the field, ~here the mag-
netization curve becomes hysteretic when the field is
decreased from high values. As a typical example
Fig. 1 shows the magnetization curves of
Er073Ho027Rh4B4 at 6.86, 4.64, and 1.43 K (indicated
by arrows). Generally three distinct field regions can
be identified for temperatures T,2 & T & T, &. If the
external magnetic field is increased from zero, the
samples are at first in the Meissner state, M = —H.
As no magnetic field enters, the samples behave like
a nonmagnetic superconductor. With further increas-
ing field the samples enter the mixed state and the
total magnetization is the sum of a positive paramag-
netic part due to the rare-earth ions and a negative
part due to superconductivity. In high fields super-
conductivity is completely destroyed and the magneti-
zation is that of a usual paramagnet. Qualitatively
this has already been reported for ErRh4B4 (sample
with rectangular cross section) by Ott et al 6and for.

Ero60Ho040Rh4B4 (spherical sample) by lshikawa. 45

With decreasing temperature the influence of the
paramagnetic magnetization increases. At 1.43 K the
transition from the Meissner state to the normal state
takes place within a very small field region. Further-
more, within the experimental error, the magnetiza-
tion curve exhibits a vertical part, This behavior is
not found if samples with large demagnetization fac-

Itors [N(sphere)= —] were used and no correction is

applied. 4'

Except for the rounding, the magnetization at tem-
peratures close to T,2 resembles the shape of a mag-
netic type-I superconductor, which is shown in the
inset of Fig. 1. This-transition from type-II to type-I
behavior was theoretically predicted by Tachiki
et al. " It seems that in the case of ErRh4B4 the
transition from superconductivity to ferromagnetism
is dominated not by pair-breaking effects due to ex-
change scattering and conduction-electron polariza-
tion, but by the macroscopic electromagnetic interac-
tions between the superconducting system and the
magnetic system. Therefore it is reasonable to
analyze the magnetization curves according to a
model similar to the mean-field theory of Jaric and
Belie' ": At T, 2 & T ( T, ~ the magnetic supercon-
ductor is considered to be composed of two subsys-
tems, a usual type-II superconductor having a mag-
netization M,ta'(H, „,, T) and a paramagnet having a
magnetization Mpt81(H, „,, T), if there were no cou-
pling between them. Due to the coupling the mag-
netizations are changed to M, 'P'(H, „„T) for the su-
perconductor and Mp" (H,„,, T) for the paramagnet,
with

M (H,„,) = M, 'p'(H, „,) + Mp'1(H, „,)

In this model the interaction between the two subsys-
tems is taken into account by a mutual modification
of the effective field: The magnetic fields acting on
the superconductor and paramagnet, respectively, are
given by

Hemi, s
= Hemi+ Mp'*'(Hex1»

H,„=H, „,+ M, ' '(H, „,)

1.00-
1.20-

1.40-
1.60-

M Therefore

M,&»{H,„,) =M,1»(H,„„),
Mp" (H,„1)=Mpt 1(H,„,p)

FIG. 1. Magnetization vs magnetic field for
Er073H0027Rh484 at 6;86 K (upper section), 4.64 K (middle
section), and 1.43 K (lower section), The curves marked by
arrows are from the experiment. The other curves are the
uncoupled and coupled magnetizations of the superconduct-
ing and magnetic subsystem as defined in the text.

Furthermore the magnetization curves for H,„,) P.,2 show that at all temperatures H, 2 is situated in
the approximately linear part of the Brillouin func-
tion, which describes the magnetization of the
paramagnet. This is also expected if one compares
H„(( 1.8 x 10' A/m in all cases) with the saturation
magnetization Mp „,, =8 x 10' A/m. Therefore, for
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FIG. 2. Hc] (open squares), H, 2 (open circles), and H, 2 (full circ)es) as function of temperature for Er] „Ho„Rh4B4. The
heavy lines are fits according to Eq. (6). The arrows pointing upward indicate T, ] and T, 2 from Ref. 39. The arrows pointing
downward indicate T,

&
and T,2 of this work. The letters A, B, and C mark the data points which correspond to the three mag-

netization curves of Fig. 1. The thin lines are drawn as guides to the eye.

ext & Hc2 ~& is given by

M'OI(H, „,, T) =X(T)H,„, (4)

The dependence of H, ~, H„, and H, 2 on tempera-
ture and composition parameter x is shown in Fig. 2,
H, ~ increases slowly when the temperature is de-
creased below T, ], but drops to zero within a very
small temperature range (( 0.2 K) upon approaching
T,2. This was found for all samples, which had T,2's
within our experimental limit (T ~1.4 K). Contrary
to this, H, 2 shows a bell-shaped behavior. The tem-

with X( T) = M (H„(T))/H„( T), independent of
H,„,p.

From Eqs. (1)—(4) M, ' ', M, '~', M~' ', and M~"
can be calculated. Typical results are shown in Fig. 1.
As expected, in the coupled system there is no con-
tribution from the paramagnetic magnetization below

H, ~ and no contribution from the superconducting
magnetization above H, 2. The calculation shows,
that the superconducting subsystem itself [M,'0']
remains type II even at low temperatures, where the
coupled superconducting magnetization [M,'~'] shows
type-I character. In the model outlined above the
upper critical field of the superconducting subsystem
H, '2' (T), where M, 'o'(T) becomes zero, is given by

H, 2 ( T) = A h'( T) —M ( T) —BM2( T) (6)

with h'( T) the reduced orbital field and H, 2(T) and
M(T) taken from the experiment. The last term in
Eq. 6 represents the spin-polarization effect which is
proportional to the square of the magnetization.
Regarding all eight samples one has to conclude that
the agreement for x =0.40 and 0.50 is accidental.

perature of the H, 2 maximum is 4.'7+0.3 K, almost
independent of x. The T, [ and T,2 values of our
samples differ slightly from those of Johnston et al. '
For comparison their data are indicated in Fig. 2 by
arrows pointing upward. For the samples with the
lowest T,2's (x =0.15, 0.20, and 0.27) (Ref. 39) the
shape of the H, 2 versus temperature curves is fairly
symmetric. Kith increasing T, 2 the low-temperature
parts of the H, 2 curves develop a pronounced anoma-
ly: For x «0.40 more than 50% of the H, 2 increase
occurs within a temperature interval of 0.4 K or less
above T, 2. For Er060Ho040Rh4B4 this anomaly has
been studied in detail by Ishikawa. ' If the model of
Jaric and Belie were sufficient to describe these mag-
netic superconductors, H, '20' ( T) should have the
temperature dependence of an orbital critical field.
Figure 2 shows that this is apparently not the case.

The heavy lines in Fig, 2 are least-squares fits ac-
cording to
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FIG. 3. Magnetic susceptibility and inverse magnetic susceptibility as function of temperature for Eri zHozRh4B4 The lines
are least-squares fits of Curie-gneiss laws to the data. For x «0.40 the lowest-temperature point is taken just above Tc2.

It is interesting to point out two more features in

Fig. 2: The maximum of H, q(T) decreases gradually
from 1.8 x 10 to 1.0 x 10 A/m when x is increased
from 0 to 0.60, but is reduced to 0.35 & 10' A/m for
x =0.70. Even more striking is the fact, that
(dH„/dT)/r r is constant within the experimental

cl
error for x «0.60, but about a factor of 3 smaller for
x =0.70. This latter finding has been predicted by
Youngner and Machida.

Above H, 2 the normal-state magnetic susceptibility
X(T) can be calculated according to Eq. (4). The
results are plotted in Fig. 3. For all compositions
X '( T) can be well fitted by a straight line down to
the lowest temperatures measured. This means X(T)
follows a Curie-Weiss law with a positive Curie tem-
perature O~. We calculate the effective magnetic
moment to p, fr= (10.0+ 1.2)ps, which is in agree-
ment with the free-ion value (9.6p, s for Er'+ and
10.6p, a for Ho'+). This is in contradiction to
neutron-diffraction experiments of ErRh4B4 by
Moncton et al. ' who found a magnetic moment of
5.6ps, but close to the value of (8.3+0.2)ps ob-
served by Mossbauer spectroscopy. " Measurements
of the low-field magnetic susceptibility" between 7
and 294 K could also be described by a Curie-Weiss
law with an effective magnetic moment of (9.62
+0.15)p,s. Figure 4 shows T, ~, T,q, and Oc as func-
tion of the composition parameter x. For x ~ 0.40
the ferromagnetic Curie temperature is significantly

T(K) +-
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FIG. 4. T i (open circles), T, 2 (full circles}, and 0& (full
squares) vs composition parameter x of Eri „Ho„Rh4B4.
T, 2 could not be measured for x «0.27 due to experimental
limitations. For x «0.40 the Curie temperature 0& is signi-
ficantly below Tc2.

below T,2. The destruction of superconductivity
above the temperature where long-range ferromag-
netic order is established could be due to ferromag-
netic spin fluctuations ' or critical magnetic scattering
of conduction electrons. " For x «0.27, T, 2 was out-
side our experimental range. . Therefore we could not
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clarify, whether T, 2 and H~ coincide for smaller
values of x, as it seems in Fig. 4. Johnston et al. '
found a minimum in T, 2 vs x near x =0.20, which

was attributed to a change in the orientation of the
magnetic moments within the tetragonal unit cell
from parallel to the tetragonal basal plane (ErRh4B4)
to parallel to the c axis (HoRh4B4). 4' The orientation
of the magnetic moments relative to the positions of
the rhodium atoms, which are supposed to be
responsible for superconductivity" could be of impor-
tance. The error in O~, which is estimated to be less
than 0.2 K for x «0.60 and less than 0.5 K for
x =0.70, cannot account for the observed discrepan-
cy.

Summarizing our results, we find:
(a) At temperatures close to T, 2 the coupled super-

conducting magnetization M, '~' sho~s typical features
of a type-I superconductor. According to the model
of Jaric and Belie the superconducting subsystem it-
self remains type II at all temperatures T;2 & T ( T, i.

(b) Macroscopic electromagnetic interaction
between a superconducting and a magnetic subsystem
seems to dominate the transition from superconduc-

tivity to ferromagnetism.
(c) H, 2(T) shows an anomaly in a small tempera-

ture interval above T, 2, which becomes more pro-
nounced with increasing T,2.

(d) The maximum in H, 2( T) decreases slowly with

increasing x up to x =0.60, but is reduced by a factor
of 2 upon going from x =0.60 to 0.70.

(e) (dH„/dT)/r r is constant for x ~ 0.60, but a
cl

factor of 3 smaller for x =0.70.
(f) The magnetic susceptibility follows a Curie-

%eiss law with a ferromagnetic Curie temperature
0&, which is significantly belo~ T, 2 for x «0.40,

(g) Within the experimental error the effective
magnetic moment is in accordance with the free-ion
value.
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