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The compound Tm2Fe3Si5 is the only known reentrant superconductor in which superconductivity is de-
stroyed at the antiferromagnetic transition. Widely differing behavior has been reported in the literature re-
garding the occurrence of superconductivity ranging from transition temperatures around 1.7 K at atmospheric
pressure to no superconductivity except under applied hydrostatic pressure. In order to clarify this situation, we
carried out ac-susceptibility measurements under applied pressure and magnetization measurements as a func-
tion of phase composition within the homogeneity range of the compound and on multiphase samples. For
single-phase samples,Tc decreases strongly in the whole pressure range with growing stoichiometric ratio
Fe/Si. For multiphase samples, a shift of theTc vs pressure curves to lower pressure values was observed. The
high-temperature part of the susceptibility follows a Curie-Weiss law independent of phase composition which
amounts to an effective magnetic moment per Tm atom of 7.0mB . With our results we are able to explain all
the observed sample dependence ofTc with a combination of substitution effects in the homogeneity range of
this compound and internal stress effects caused by impurity phases.@S0163-1829~96!06018-3#

I. INTRODUCTION

The phenomenon of reentrant superconductivity, an inter-
esting aspect of the interplay between superconductivity and
long-range magnetic order, appears in several rare-earth~RE!
compounds with a spatially ordered sublattice of RE atoms.
In general, superconductivity is destroyed by ferromagnetic
ordering, as, e.g., in ErRh4B4 and HoMo6S8 ,

1 while long-
range antiferromagnetic ordering usually can coexist with
superconductivity as, e.g., inRRh4B4 (R 5 Nd, Sm, Tm!
and in a number of Chevrel-type RE compounds.1 A recent
example is the superconductor HoNi2B2C which nearly re-
enters the normal state when the Ho moments show a spiral
magnetic ordering between 5 and 6 K, while at lower tem-
perature a long-range ordered antiferromagnetic state coex-
ists with superconductivity.2–6

In contrast, Tm2Fe3Si5 is the only known reentrant super-
conductor in which superconductivity is destroyed when the
Tm moments order antiferromagnetically at about 1.1 K.7,8,14

This noncoexistence is not understood at present. A detailed
interpretation has been hampered by the apparent sample de-
pendence of properties like, e.g., the observed transition tem-
perature for superconductivity,Tc . Widely differing values
ranging from onset temperatures for superconductivity of 1.7
K at atmospheric pressure7 up to the observation that no
superconducting transition occurs without applied pressure15

were reported in the literature.
Tm2Fe3Si5 crystallizes in the Sc2Fe3Si5 structure with

tetragonal space groupP4/mnc and lattice parameters of
a510.37(1) Å andc55.405(1) Å.9 Mössbauer studies
show that in the structure seriesR2Fe3Si5 (R5rare earths!
the upper limit for a magnetic moment on the Fe sites is
smaller than 0.07mB due to covalent bonding with
silicon.10–13The Fe 3d electrons appear to be responsible for
the occurrence of the superconducting state10 while the anti-
ferromagnetic structure is formed by a noncollinear align-
ment of the Tm31 magnetic moments in the basal plane.14,8

Beside its interesting magnetic and superconducting prop-

erties, Tm2Fe3Si5 shows an amazing behavior under applied
hydrostatic pressure.15 Up to 20 kbar a nonlinear dependence
of Tc on pressure with a maximum of about 3.13 K at 9 kbar
and one of the largest known positive pressure derivatives
dTc /dp50.47 K/kbar are observed. In contrast, the value of
the reentrant temperature corresponding to the Ne´el tempera-
tureTN51.15 K is relatively independent of pressure.15 Neu-
tron diffraction measurements show that the antiferromag-
netic structure is unchanged under applied pressure.8

The physical properties of a sample, like the supercon-
ducting and magnetic transition temperatures, phononic and
electronic properties, the lattice parameters, and the volume
of the unit cell, are determined by its thermodynamic state,
described by appropriate variables. One of these variables is
the phase composition, meaning the concentration of the el-
ements in a single-phase material. In this paper, we present a
detailed study of the superconductivity in Tm2Fe3Si5 as a
function of phase composition in single-phase samples, as
well as in multiphase samples. This study permits one to
distinguish between composition-dependent phase properties
of Tm2Fe3Si5 and behavior induced by impurity phases due
to strain effects. High-temperature susceptibility studies in-
dicate that excess iron does not carry a magnetic moment,
virtually excluding addition magnetic pair breaking as the
reason for the decrease ofTc with increasing Fe/Si ratio.

II. SAMPLE PREPARATION AND EXPERIMENTAL
DETAILS

All samples were prepared from high-purity elements
~Tm, 99.9%; Fe, 99.999%; and Si, 99.999%! melted together
in an arc furnace under Ar atmosphere. The resulting ingots
were turned over 5 times and remelted to promote homoge-
neity. The maximum losses during melting of about 2% of
the sample mass were due to evaporation of pure Tm, and
splintering off of small amounts of material with unknown
composition from the inhomogeneus sample during cooling
on the copper hearth. The samples were sealed in quartz cap-
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sules under 300 mbar Ar, heat treated for 2 days at
1100 °C, 2 days at 1000 °C , and 4 days at 800 °C, and then
quenched in water. This heat treatment procedure was cho-
sen as a compromise between preparation time and sample
homogeneity. As it turned out, sample homogeneity could be
improved by prolonged heating at 1100 °C~21 days! fol-
lowed by the 1000 and 800 °C equilibriation steps.

Due to the mass losses of 2%, a well-defined phase com-
position could not be reached by melting individual samples
from the elements. Therefore, samples with defined relative
distance in composition diagram were made by first produc-
ing two master alloys. The uncertainty of the absolute
sample position in composition space is about 0.4 at. %,
whereas that in relative position between samples of the
same series is about 0.05 at. %. Starting with four pairs of
master alloys, four series of samples were prepared~Fig. 1!,
three at constant Tm concentration

Tm20.00Fe30.001xSi50.002x (seriesA),

Tm20.25Fe29.901xSi49.852x (seriesB),

Tm20.50Fe29.801xSi49.702x (seriesC),

x50,60.30,60.60,61.00, and one at fixed stoichiometric
ratio Fe/Si Tm20.001xFe30Si50 ~series D!,
x50,60.30,60.62,60.92,1.23. In addition, some samples
were prepared individually.

Phase analysis was performed by x-ray powder diffraction
on a Seifert XRD 3000 P diffractometer with secondary
monochromator, using CuKa radiation. Lattice parameters
were refined with the method of least squares. In addition to

an analysis of the x-ray intensities, optical metallography,
and energy dispersive x-ray analysis~EDX! measurements
on a Jeol JSM-840 electron microscope were used to esti-
mate the amount and kind of impurities in the samples.

The superconducting and magnetic transitions were de-
tected by ac-susceptibility measurements at 20 Hz and 1 Oe.
The transition temperature was defined at 50% of the full
signal change. The applied pressure was produced by a stan-
dard CuBe piston-cylinder technique with Sn as supercon-
ducting manometer. Magnetization measurements at stan-
dard pressure were carried out on a Cryogenics S 600
superconducting quantum interference device~SQUID! mag-
netometer from 2 to 300 K. For these measurements, the
samples were ground into spheres and corresponding demag-
netization corrections were applied.

III. RESULTS AND DISCUSSION

A. Phase analysis

Tm2Fe3Si5 is in equilibrium with TmFe2Si2 , TmSi, and
FeSi and three phases with nominal composition
Tm9Fe26Si65, Tm21.0Fe18.5Si60.5, and Tm30.0Fe12.8Si57.2.
Details of the phase diagram are planned to be published
elsewhere.16 The sample series Tm20.25Fe29.901xSi49.852x ~se-
ries B!, which showed the lowest amount of impurity phases,
and series Tm20.001xFe30Si50 ~series D! with changing Tm
concentration got an additional thermal treatment for 21 days
at 1100 ° C, 2 days at 1000 °C and 4 days at 800 °C in order
to further improve sample homogeneity. This way, samples
with no or very minor detectable impurity phases in the x-ray
diffraction ~XRD! patterns could be produced. The size of
the homogeneity range was determined from these samples.
The extent is very small, approximately 1–2 at. % along
fixed Tm concentration and smaller than 0.3 at. % along
varying Tm concentration. ‘‘Tm2Fe3Si5’’ is not a stoichio-
metric compound, since the 2:3:5 composition corresponds
only to a point in the homogeneity domain in the isothermal
section of the ternary diagram. The stoichiometric 2:3:5
composition in Fig. 1 is at the crossing of linesA andD,
while single-phase samples have been found in series B only.
We stress that nominal composition is plotted in Fig. 1, and
not the sample composition which we estimate to be uncer-
tain by about 0.4 at. % as discussed in Sec. II above. Thus, it
is not excluded that the homogeneity domain of the phase
‘‘Tm 2Fe3Si5’’ contains the stoichiometric composition.
Considering the evaporation losses of Tm during melting it is
in fact quite likely that the true Tm content of series B cor-
responds to the stoichiometric amount. Phases with a fixed
content of rare earth combined with a variable ratio of tran-
sition metal to main group element, usually described by
stoichiometric structure types, are not uncommon in ternary
rare-earth–transition-metal–silicon systems.17

With the variation of phase composition in the homoge-
neity range one can assume that vacancy formation or mutual
substitution of the atoms involved, Fe and Si, takes place.
This can affect the lattice parameters if the involved atoms
have different size. A change in the lattice parameters may
lead to a volume change of the unit cell and could influence
the superconducting properties of the compound in the same
way as applied pressure. However, the refinement of the lat-
tice constants of all samples revealed, within error limits, no

FIG. 1. Nominal composition of the prepared samples,
displayed in a partial isothermal section at 800 °C:
Tm20.00Fe30.001xSi50.002x ~series A!, Tm20.25Fe29.901xSi49.852x

~series B!, Tm20.50Fe29.801xSi49.702x ~series C!,
x50,60.30,60.60,61.00, Tm20.001xFe30Si50 ~series D!,
x50,60.30,60.62,60.92,1.23; solid circle, multiphase samples;
open circle, single-phase sample or sample with very minor impu-
rity phase; the stoichiometric composition is at the crossing of se-
ries A and D.
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significant variation. We obtaina510.367(1) Å and
c55.407(1) Å in good agreement with the literature.9

B. ac-susceptibility measurements

For the post-annealed sample series B and D, ac-
susceptibility measurements under hydrostatic pressure were
performed to determine the composition dependence of the
superconducting and magnetic transitions. The results are
shown in Figs. 2 and 3. All curves show typical nonlinear
behavior with a broad maximum around 9 kbar. None of the
samples is fully superconducting at ambient pressure above
the reentrant temperature of 1.15 K; only a slight onset of a
few percent of the full diamagnetic signal is found in some
samples. For clarity, we do not include in the figures the
reentrant transition temperature, also measured by ac suscep-
tibility. We find that this reentrant temperature, which coin-
cides with the Ne´el temperatureTN indicating the transition
to antiferromagnetic order,8,14 is nearly independent of phase
composition and shows only a weak shift to higher tempera-
tures of at most 30 mK with increasing iron content.

The Tc vs pressure curves for the different samples of
series B, denoted as Tm20.25Fe29.901xSi49.852x , clearly show
that for the nominally Si-rich samples there is only a weak
variation inTc ~Fig. 2!. In contrast, for the nominally Fe-rich
samples, a rapid decrease inTc occurs over the full pressure
range with growing Fe content. For the samples with a su-
perconducting midpoint below 1.7 K,Tc was extrapolated
from the expected full throw of the signal. The maximum
Tc of 3.2 K at 9 kbar for Tm20.25Fe29.90Si49.85 (x50) is
shifted to 1.95 K for sample Tm20.25Fe30.90Si48.85 (x51.0)
~Fig. 2!. The maximum pressure coefficientdTc /dp was de-
termined to about 0.560.05 K/kbar. No systematic variation
with composition is observed for the pressure coefficient at
constant pressure.

In contrast to series B, the analysis of sample series
Tm20.001xFe30Si50 ~series D! shows no obvious variation of
theTc vs pressure curves with changing nominal concentra-
tion of the rare earth~Fig. 3!. This can be explained with a
vanishing extent of the homogeneity range along changing

Tm concentration. All samples would have the same phase
composition of the Tm2Fe3Si5 phase.

The decrease ofTc with overstoichiometric Fe content is
clearly seen in Fig. 4. At any given Fe concentration, the
Tc depression is independent of pressure. This means that the
Tc vs pressure curves in Fig. 2 are shifted parallel to the
temperature axis with increasing Fe/Si ratio. We note that in
contrast to binary systems, no straightforward conclusion
concerning the boundaries of the homogeneity domain can
be drawn from variation or constancy ofTc as a function of
composition in a ternary system.

The reason for theTc depression with increasing Fe con-
tent could be magnetic pair breaking due to a residual mo-
ment of Fe atoms substituting on Si sites. Such substitution
does not necessarily affect the lattice parameters since the
metallic radii of Si ~1.17 Å! and Fe~1.24 Å! are similar.
Incorporated additional Fe atoms may keep a residual mag-
netic moment due to changed bonding conditions and can

FIG. 2. Pressure dependence of the superconducting
transition midpoint temperature for nominal composition
Tm20.25Fe29.901xSi49.852x ~series B!.

FIG. 3. Pressure dependence of the superconducting transition
midpoint temperature for nominal composition Tm20.001xFe30Si50
~series D!.

FIG. 4. Variation of the superconducting transition temperature
with phase composition at different pressures for nominal compo-
sition Tm20.25Fe29.901xSi49.852x ~series B!; the bar denotes the typi-
cal error.
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appear as magnetic impurities. In this case, the lowering of
Tc may be explained by magnetic pair breaking. A different
explanation takes into account that the nonlinear pressure
behavior ofTc can be seen as the effect of the Fermi-level
sweeping through a peak in the density of states with in-
creasing pressure, as suggested by Segre for the pressure
behavior of Y2Fe3Si5 .

19 The decrease of the transition tem-
perature with increasing Fe content is then the result of a
disorder-induced broadening of the peak and a decrease of
the maximum in the density of states.

In addition to the four series, some samples not prepared
from master alloys were measured. TheTc vs pressure curve
of the sample with nominal composition Tm19Fe31Si50, as a
typical example, appears shifted along the pressure
axis by 0.5 kbar to lower pressures, as compared to
Tm20.25Fe29.90Si49.85 ~series B!, but shows no decrease of the
maximumTc ~Fig. 5!. In a similar way, the pressure curve
reported by Braun18 on a sample with nominal composition
Tm18.6Fe31.2Si50.2 and a different heat treatment of 2 days at
1200 °C and 2 days at 1000 °C appears shifted by 1 kbar to
lower pressures. The curve presented by Vining and
Shelton15 appears to be shifted to slightly higher pressures.

Our samples that show this shift parallel to the pressure
axis are not single phase. It is possible that one or more
impurity phases present in the sample have a coefficient of
thermal expansion different from that of Tm2Fe3Si5 . Thus
an ‘‘internal’’ stress could be produced when the samples are
cooled from the melting point on the copper hearth or later,
during cooling from room temperature to the kelvin range.
This internal pressure effect is not necessarily visible in a
significant change of the unit cell volume. If we assume a
volume of the unit cell ofV5581.1(6) Å3, a compressibility
of k 5 1024–1023 kbar21 as estimated by Segre,19 and the
maximum observed shift on the pressure scale asDp51
kbar, we obtain a volume change of the unit cell of
DV5VkDp'0.06–0.6 Å3, which is within the estimated
errors of volume determination. Note that this internal effect
is due to the multiphase nature of a given sample and not

intrinsic to the Tm2Fe3Si5 phase, as would be, e.g., a
‘‘chemical pressure effect’’ due to substitutional dissolution
in the crystallographic lattice of an atomic species of larger
atomic volume. The steep pressure gradient ofTc is, how-
ever, intrinsic to the Tm2Fe3Si5 phase.

In order to test whether the shift in the measured curves is
indeed caused by ‘‘internal’’ pressure effects, the samples
with nominal composition Tm20.25Fe29.90Si49.85 ~series B!
and Tm19Fe31Si50 were carefully ground to a grain size of
50–500mm, heat treated for 1 day at 800 °C to release
strains, and thenTc was determined again. The essential dif-
ferences between the two samples have disappeared, as
shown in Fig. 6. This result demonstrates that internal pres-
sure effects play an important role in determining the super-
conducting transition temperature even at ambient pressure.
Given the different heat treatments and sample compositions
used by different groups7,15,18the fact that superconductivity
is sometimes found in this system at ambient pressure can
easily be explained.

C. Magnetization measurements

In order to examine whether the excess iron
carries a magnetic moment, all samples of series
Tm20.25Fe29.901xSi49.852x ~series B! were investigated in a
field of 100 Oe in a commercial SQUID magnetometer with
a useful temperature range down to about 2 K. As an ex-
ample for the whole series the inverse mass susceptibility is
plotted as a function of temperature for Tm20.25Fe30.20Si
49.55 (x520.30) in Fig. 7. The high temperature suscepti-
bility ( T.70 K! of all samples can be fitted with a Curie-
Weiss law:

x5x01
C

T2Q
,

whereC is the Curie constant,Q the paramagnetic Curie
temperature, andx0 the temperature-independent contribu-
tion to the susceptibility, caused by ion cores and the con-

FIG. 5. Comparison of Tc vs pressure curves with
literature data: Tm20.25Fe29.90Si49.85 ~single phase, series B!,
Tm19.00Fe31.00Si50.00 ~multiphase, individually prepared!,
Tm18.6Fe31.2Si50.2 @multiphase~Ref. 18!#, and Tm2Fe3Si5 @single
phase~Ref. 15!#.

FIG. 6. Superconducting transition temperatureTc as a function
of pressure for bulk samples and ground and strain-release annealed
powder for nominal composition Tm20.25Fe29.90Si49.85 ~single phase,
series B! and Tm19.00Fe31.00Si50.00 ~multiphase, individually pre-
pared!.
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ducting electrons.x0 is of the order of 1026 emu/g and is
negligible compared tox. The Curie constant shows no sys-
tematic variation with the Fe/Si ratio. The averaged effective
magnetic moment per Tm31 ion determined from the Curie
constant is (7.060.3)mB , which within errors equals the
free ion value of 7.3mB .

Below 70 K the inverse susceptibility deviates from the
Curie-Weiss behavior. This can be attributed to crystalline
electric field~CEF! effects. A Curie-Weiss fit in that range
results in a strongly different value for the averaged effective
magnetic moment of (4.861.3)mB . Since our samples are
polycrystalline with an orientation distribution of the crystal-
lites that is neither random nor fully textured, we refrain
from an analysis in terms of CEF states.

The analysis of the SQUID measurements on samples
with different phase compositions reveals no dependence of
the Curie constant on Fe content. Covalent bonding with Si
is thought to be responsible for the nonmagnetic nature of
iron10–13 in theR2Fe3Si5 series of compounds. The disorder
introduced by the incorporation of excess iron, most likely
on Si sites, then conceivably could lead to magnetic behavior
of the iron.

However, the present results indicate that there is no sig-
nificant change in the nonmagnetic nature of Fe in this com-
pound. Thus, it appears unlikely that the depression ofTc in
samples with higher than stoichiometric Fe/Si ratio is due to
magnetic pair breaking caused by iron. Clearly, further in-
vestigations with more sensitive methods like Mo¨ssbauer
measurements on the sample series with varying Fe content
are indicated.

IV. SUMMARY

We used ac-susceptibility measurements under ambient
and applied hydrostatic pressure as well as magnetization
measurements to study the dependence of the superconduct-
ing and magnetic transition temperatures on phase composi-
tion in the homogeneity range of the ternary antiferromag-
netic reentrant superconductor Tm2Fe3Si5 . The results on
single-phase samples reveal that the superconducting transi-
tion temperatureTc is very sensitive to the stoichiometric
ratio Fe/Si over the whole pressure range, while the antifer-
romagnetic transition temperatureTN remains nearly un-
changed. This behavior is consistent with the incorporation
of small amounts of magnetic iron as additional pair-
breaking source. However, the high-temperature Curie con-
stant is independent of the Fe/Si ratio and compatible with
the free ion moment of trivalent Tm, indicating that there is
no significant change in the nonmagnetic nature of iron in
this compound. The analysis of multiphase samples reveals a
shift of the pressure vsTc curves to lower pressure values.
This can be explained with internal stress effects, caused by
different thermal expansions of matrix and impurity phases.
With our measurements, it is possible to explain the ob-
served sample dependence ofTc and provide an explanation
for the different published7,18 onset temperatures. In multi-
phase samples, due to the steep pressure gradient ofTc, in-
ternal strain effects caused by the impurity phases may in-
duce superconductivity even at atmospheric pressure.
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