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Magnetic order and superconductivity in Ho(Ir„kht „)&B4compounds
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Magnetization data for Ho(Ir„Rh~ „)484 compounds in the temperature range 1.4 to 4.2 K
and in fields up to 68 kOe are presented. Evidence of antiferromagnetic order belo~

T~ = 1.75 K, is found for x =0.5. This modifies the phase diagram drawn previously and sug-

gests that the boundary T~(x) might be continuous for 0 «x «1. The order seems to be com-

plex and to change from ferromagneticlike to antiferromagneticlike near x =0.17, the only con-
centration at which X is isotropic (an "easy" axis at x =0 becomes "hard" for x & 0.17). Anti-

ferromagnetic interactions between ions appear to play a role at all concentrations. The higher is

x, the larger is the difference between the ordering temperature T~ and the Curie-gneiss inter-

cept 0. In Ho(Iro j7Rh083)&84, T~ still coincides, within 0.05 K, with the lower superconduct-

ing critical temperature, T,z, and the value of the upper critical field, 8,2, drops, by cooling, in

a narrow interval above T,2. For the antiferromagnetic Ho(Ir07Rh03)484 compound

(T~ =2.7 K) spin flop or distortion of the magnetic structure is detectable, at 1.4 K, for low

values of the external field (0 & 2 kOe).

I. INTRODUCTION

The study of magnetic superconductors was given a
new impetus when it was reported that superconduc-
tivity is destroyed at the onset of magnetic order in

the compounds HoMo6SS (Ref. I) and ErRh4I4 (Ref.
2). Investigations, frequently emphasizing a possible
"interplay" between superconductivity and magne-
tism, soon extended to related pseudoternary systems
of compounds containing two different rare earths. '
The partial substitution of the transition metal has
been less frequently tried. Compounds of this type
are, ho~ever, especially interesting from the point of
view of magnetism, because the rare-earth lattice
remains intact (lattice parameters may vary, but the
occupation of the rare-earth sites does not).

Starting from the magnetic compound HoRh+4,
the gradual substitution of Rh by Ir was shown to
cause superconductivity to appear for x =0.07 in
Ho(lr„Rhi „)4B4, and to turn the magnetic order into
antiferromagnetism at higher concentration. " The
unusual feature of antiferrornagnetic ordering above
the superconducting transition temperature was re-
cently confirmed by heat-capacity and thermal con-
ductivity experiments on Ho(Ir07Rh03) 4E4 (Ref. 5).

Several questions about the system
Ho(ir„Rht „)4I4 were left open and motivated the
present work. The magnetic phase diagram we pub-
lished4 was incomplete and somewhat misleading,
with no indication of an ordering temperature for

0.22 & x & 0.5. Since all the compounds crystallize
with the same structure one may expect the magnet-
ic transition line T (x) to be continuous. A question
immediately arises: What is the exact nature of the
magnetic order? If the order is qualitatively dissimi-
lar for x =0 (e.g. , ferromagnetic) and for x =0.7
(antiferromagnetic) the critical concentration at which
its nature changes has to be determined. Will there
be a I.ifshitz point? Another possibility is a transi-
tion between two different antiferromagnetic struc-
tures (in the general meaning). Indeed, our magnet-
ic data for HoRh484 are compatible with a structure
which, although locally ferromagneticlike, has no
resultant magnetic moment in the bulk, like
sinusoidal antiferromagnetism with a long period. It
is thus even conceivable that the order does not
change qualitatively when x increases.

The information about the destruction of supercon-
ductivity by magnetic ordering in the present system
is also incomplete. If the boundary T (x) is a con-
tinuous curie on the phase diagram, there will neces-
sarily be a s'egment T 2(x) distinct from T (x) and
joining the x axis, provided that superconductivity
persists down to T =0 in the antiferromagnetic com-
pounds. If the magnetic transitions are sharp one ex-
pects to find always T,2 «~ T~. Curiously, T,2 & T~
was recently reported' for Ho-rich (Ert „Ho„)Rh4Eq
compounds, This lead us to try to determine T
by a more refined method for the system
Ho(lr„Rht )4E4.
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II. EXPERIMENTAL

The samples were prepared by arc melting followed
by annealing. Depending on the needs we used
spherical (about 100 mg) or needle-shaped (down to
6.5 mg) specimen. Measurements were also per-
formed on samples of irregular shape and on powder.
The demagnetization factor plays no role in the
present determination of T . However, its
knowledge may be helpful to extract further informa-
tion from the data.

The magnetization M was measured as a function
of field, 0, up to 68 kOe, using a moving sample
magnetometer. 9 Temperature was measured by
means of the vapor pressure of He and was held
fixed within +0.01 K.

As previously explained, " the samples show
directed crystalline growth along a direction perpen-
dicular to the surface which was in contact with the
copper hearth of the arc furnace. In what follows,
the magnetization measured with the field parallel or
perpendicular to the cooling axis is denoted M~~ and
M~, respectively.

Detailed magnetic measurements of M~~ for
HoRh4B4 were reported by Acker and Ku (Ref. 7),
from which Fig. 1 is taken. The absence of a spon-
taneous magnetization below the magnetic transition
temperature, T =6.3 K, is evident (the data were
corrected for demagnetization). For T ( T all the
Arrott plots cut the H/M axis at the same point, de-
fining X ',„)0. Hence M 0 for H 0. Above
T, Xp' follows accurately the Curie-Weiss law (with

JM ff 10.6p, s/Ho ion, ' i.e., the free-ion vaiue),
whereas X~' does not. '

Figure 2(a) shows Arrott plots for
Ho(Irp ]7Rhps3)4B4. It is qualitatively similar to Fig.
1. At each temperature the data were taken above
the upper critical field H, ~. Below 2.18 K, the slope
of the plots begins to increase and the extrapolated
zero-field value of 0/M becomes nearly constant, as
shown in Fig. 2(b). Above 2.2 K, the Curie-Weiss
law is well followed, with tt, ,tt= 9.75 p, s/Ho ion. By
analogy with HoRh4B4, T is defined here as the
temperature at which X '(T) deviates from the
Curie-Weiss law (see Ref. 7). In Fig. 2(b) the arrow
indicates the value of T,~ found by ac susceptibility

III. RESULTS

Magnetic isotherms for Ho(lr„Rht „)4B4 com-
pounds are shown in the form of Arrott plots (M' vs
H/M) in Figs. I —4 for x =0, 0.17, 0.50, and 0.70.
Also shown, for x =0.17 and for x =0.50, is the
temperature variation of the zero-field inverse sus-
ceptibility, as determined in the most reliable way by
extrapolating the rectilinear parts of the Arrott plots
to M'=0.
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FIG. 1, Arrott plots (M~~ vs 8/Ml~) of the magnetization
of HoRh4B4 at various temperatures near T~ after correc-
tion for demagnetization. 3, 1.68; B, 4.35; C, 4.62; D, 4.92;
E, 5.15; F, 5.45; G, 5.77; H, 6.03; I, 6.30; E, 6.59; L, 6,87;
M, 7.15; W, 7.49; 0, 7.85 K. The isotherm at 1.68 K was
measured separately (from Ref. 7).

FIG, 2. (a) Arrott plots (M vs H/M) of the magnetiza-
tion of a Ho(Irp &7Rhp 83)4B4 powdered sample at various
temperatures between 1.41 and 4.17 K (not corrected for
demagnetization). (b) Variation with temperature of the ex-
trapolated zero-field inverse susceptibility, obtained from
least-squares fits of (M~ vs 0/M) data to straight lines,
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FIG. 3. (a) Arrott plots (Mq vs H/M~) of the magneti-

zation of Ho(Iro 5Rho 5)4B4 at various temperatures between

1.50 and 3.36 K, for H increasing (0) and H decreasing ( ~ )
{not corrected for demagnetization). (b) Variation with

temperature of the zero-field inverse susceptibility, obtained
from the nearly rectilinear parts of the Arrott plots (see
text).
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FIG. 4. Arrott plots (M&2 vs H/M~) of the magnetization
of Ho(Ir07Rh03)484 at various temperatures between 1,42
and 4.18 K (not corrected for demagnetization). Insert,
low-field magnetization curves (M vs H) at 1.42 and 4.18 K.

on the same sample. It comes out that, within
+0.05 K, T = T,2=2.23 K. The data in Fig. 2 are
not corrected for demagnetization (powdered sample)
so that the value of the initial susceptibility at T
cannot be determined. Complementary measure-
ments on a spherical sample ( T = 2.30 K) show that
X( T & T ) for x =0.17 is finite (=17 emu/mole)
and about six times smaller than in HoRh4B4. Hence
the measured isotherms do not cut the M' axis and
the absence of a spontaneous magnetization for Rh-
rich Ho(ir„Rht „)4B,compounds is confirmed.

The look of the Arrott plots at low temperature for
x =0.5 and 0.7 (Mt, Figs. 3 and 4) contrasts with

that of Figs. 1 and 2. Since the antiferromagnetic
compound Ho(lro. 7Rhs 3)P4 is not superconducting
above 1.6 K, the measurements shown in Fig. 4 are
not affected by supercurrents. Below T~ =2.7 K, the
Arrott plots for moderate fields are retrograde,
curved, and reversible. In other words the suscepti-
bility M/H increases with increasing field (by about
125'/o, at 1.42 K, taking into account a correction for
demagnetization). A similar tendency is discernible
in Fig. 3(a), for Ho(iro5Rha5)4B4, although the low-

field part of the curves (H (H, 2) is missing. Data
points taken below H, 2, for H increasing and decreas-
ing, are shown for T =1.50 and 1.97 K. The Arrott
plot for T =1.50 K is slightly retrograde, just above
H, 2. Extrapolation to H =0 of the data in this range
of field (dashed lines) gives a lower limit for X

' at
1.50 and 1.97 K. Even so, the inverse susceptibility
[Fig. 3(b)] clearly deviates from the Curie-Weiss law
between 1.5 and 2 K. %e estimate that T = 1.75
+ 0.15 K. From the analogy with the magnetic
behavior of Ho(ire7Rhe 3)4B4 we conclude that the
order has an antiferromagnetic character for x =0.5.
This is confirmed by the relative smallness of X at
T . The slope of the Curie-gneiss plot at 3 K corre-
sponds to an effective moment of 18@,s/Ho, which
results from the presence of traces (= 1%) of an im-
purity phase with T„=18 K (Ref. 11), quite prob-
ably Ho(Ir Rht „)sB2 (Ref. 12).

Coming back to Ho(lrQ7Rhs3)4B4, we see in the in-

sert of Fig. 4 that M varies first linearly with H, at
1.42 K, up to a threshold field H~ =2 kOe. For
higher fields M/0 increases and goes through a max-
imum at H =11 kOe, whereas the differential sus-
ceptibility dM/dH peaks at H,„=6kOe (not
shown). Both Ht and H, „decrease when T in-

creases, and vanish at T& (Neel temperature).
In order to gain additional information about the

evolution of the magnetic order in the present system
we looked at the anisotropy of the magnetic proper-
ties in high fields. Anisotropy should be more strik-
ing in the low-field susceptibility, but X(H =0) is

strongly affected by the presence of traces of impurity
phases and by the sample geometry (demagnetization
effect). In high fields these two effects become prac-
tically negligible. However, the magnetic structure
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FIG. 7. Preliminary data for the variation with tempera-
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may be strongly distorted by the field.
Figure 5 shows high-field data for Ho(Ir„Rh~ „)484

compounds at 4.2 K, with the applied field parallel or
perpendicular to the cooling axis. The magnetization
in a field of 68 kOe is shown in Fig. 5(a) and the dif-
ferential susceptibility, XuF = dM/dH for H = 60 kOe,
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FIG. 5. Variation with Ir concentration of (a) the magnet-
ization M~~, respectively M~, of Ho(Ir„Rh& „)4B4 samples,
measured in a field of 68 kOe applied in two directions (see
text); (b) the corresponding differential susceptibility for
8 =60 kOe. All data were taken at 4.2 K.

in Fig. 5(b). It is readily seen that the anisotropy
vanishes (and "changes sign") at x =0.17 and that
the high-field susceptibility is larger where the high-
field magnetization is smaller. At 68 kOe, the mag-
netization of all the samples studied is smaller than
7p, ~ per Ho atom, even with the field in the "easy"
direction. In fields higher than 30 kOe the value of
Mj for the "antiferromagnetic" compound with
x =0.7 is practically equal to that of M~~ for the "fer-
romagnetic" HoRh484.

Shown in Fig. 6 is a modified but still incomplete
magnetic and superconducting phase diagram for the
system Ho(Ir„Rh~ „)484, based on the results of Ref.
4. %e corrected the T vs x boundary between
x =0.5 and 0.6. On the Rh-rich side, the present
work establishes that, within +0.05 K, T = T,2 for
x =0.17. The results shown in Fig. 5 indicate that
the boundary T (x) should become distinct from
T,2(x) above x =0.17. Whether T,2 decreases to
zero in the way suggested in Ref. 4 is uncertain.

Preliminary data for H, 2( T), defined as the field
(corrected for demagnetization) above which the
M(H) curve is reversible, are shown in Fig. 7, for
x =0.17 and 0.30. For comparison, H,2( T 0)
=6 kOe in Ho(Irp7RhQ3)484 (from X„measure-
ments, Ref. 5). For x =0.17, the drop of H, 2 when
T is reduced from above T,~

= T is anomalously
sharp, as observed in Ho-rich (Er& „Ho„)Rhq84 com-
pounds

MAGN.
ORDERED

0 I I I

0 02

AF+ S

I I I I I

0,4 0.6 0.8 1.0
IV. DISCUSSION

FIG. 6. Low-temperature phase diagram for the system
Ho(Ir„Rhi „)4B4determined on annealed samples. The
concentration of the CeCo4B4-type phase decreases sharply

only above x =0.8.

Our main concern in this work was to determine
the magnetic transition temperature, T . Judging
from the result, that T = T,2 for x=0,1'7, the
method used appears correct. Indeed, for Ho-rich
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(Ert „Ho )Rh484 compounds, the magnetic transi-
tion temperature found by heat-capacity measure-
ments is identical to T,2 found by ac susceptibility'
(at most T,I ~ T ). The nature of the magnetic or-
der of the Ho'+ ions in that system and in Rh-rich
Ho(Ir„Rh1 „)484 is probably similar, since HoRh484
is the end member of both systems. Hence thc com-
parison between them is meaningful.

The reason why Adrian et a/. find T as far as 1.3
K below T,I in (Er04Ho04)Rh484 is, we believe, sim-

ple and revealing. These authors extrapolate the
Curie-Weiss plot, X ' vs T, down to X '=0, defining
the Curie-Weiss temperature 8. Quite probably, the
true zero-field susceptibility of the compounds in

question remains finite, for T ~ T, as found here
for Ho(Ir, Rh1 „)484 compounds (see also Ref. 7).
Hence the magnetic transition occurs at a tempera-
ture T significantly higher than 0. More precisely it

appears that ( T —8) increases when x increases
from zero in Ho(ir„RhI „)484 and (Hot „Er„)Rh484
systems, which could mean that antiferromagnetic in-

teractions become stronger. This interpretation is

suggested by the occurrence of antifcrromagnctism in
the first system and might be not appropriate to the
second. However, anisotropy in the magnetic proper-
ties indicates that antiferromagnetic interactions al-

ready play a role in HoRh484 and cause thc magnetic
order to bc complex. 7 To our knowledge the refined,
low-angle neutron-diffraction experiments necessary
to detect a magnetic structure with a long period were
not undertaken for HoRh484. Such measurements
were carried out with success for ErRh484 (Ref. 15)
and HoMo6SS (Ref. 16) where periods as long as 200
A were found. It would be very interesting to check
if any kind of modulated structure also appears in

HoRh484, because this compound is not supercon-
ducting, unlike ErRh484 and HoMo4SS. The oc-
currence of these spatial variations of magnetization
were precisely interpreted as due to an interaction
between superconductivity and magnetic order. "'
A negative result of similar neutron-diffraction ex-
periments for HoRh484 would strengthen that inter-

pretation, whereas a positive result would be in line
with our magnetization measurements.

Coming back to the system Ho(Ir„Rh1 „)484, the
magnetic transition at T~ =1.75 K we detected for
x =0.5, together with the results for the anisotropy
of the magnetization (Fig. 5), suggest that the order
has an antifcrromagnetic character down to x =0.2.
The two branches of T vs x, in the phase diagram

(Flg. 6) 11llgllt jo1n tllcfc. Tllls fcscml1lcs tile s1'tua-

tion found recently in (rare-earth) (Ru, Rh1 „)484 com-
pounds (body-centered tetragonal). ""It has been
pointed out that the destruction of superconductivity

111 Dy(RU0327Rh0. 673)484 could be caused by the anti-
fcrromagnetic ordering of the rare-earth ions, " This
novel phenomenon might take place in
Ho(Ir„Rh1 „)484 as well, for x just above 0.2 (or
even below, if our views about the magnetic order in
HoRh484 are qualitatively correct).

The application of a magnetic field strongly affects
the magnetic structure of the compound
Ho(Ir07Rh03)484. Its magnetization M3, at T =1.5 K
and H = 1 kOe is about 20 times smaller than M~~ for
HoRh484 in the same conditions. As stated above,
this ratio tends towards 1 for H & 30 kOe. The low

value of the threshold field' (01=2 kOe at 1.42 K)
above which the M(H) curve becomes concave up-
wards may indicate that the antifcrromagnetic interac-
tions between ions are weak. Ferromagnetic interac-
tions probably also play a role, leading to a complex
magnetic structure. The moment of the Ho'+ ions is

probably oriented along the tetragonal c axis for all

values of x (Ref. 10).

V. CONCLUSION

Clearly, a11 the questions asked in the introduction
cannot be solved with only thc help of bulk magneti-
zation measurements above 1.4 K, and further work
oil thc systc111 Ho(If R111 „)484 will bc necessary lll

particular low-temperature heat-capacity experiments.
The present results are consistent with a continu-

ous variation of the magnetic transition temperature
with Ir concentration. Special attention should bc
directed to the compounds in the range 0.20 & x( 0.40 where the T,3(x) boundary in the phase dia-

gram must become distinct from T (x), if the latter

is continuous. One may imagine interesting situa-
tions if T,I(x) is not vertical in this region, namely, a

return to the normal state at a temperature we11

below T~. For x =0.17 we found T = T,2.

The exact nature of the magnetic order and its evo-
lution with Ir concentration is still unknown. De-
tailed neutron-diffraction experiments would help to
clarify this point and could bring new information
relevant to a wider class of ternary compounds where
superconductivity is affected by the magnetic order-
ing of rare-earth ions.
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