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Influence of phase composition on the reentrant superconducting properties of Tpke;Sis
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The compound TgFe;Sis 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 sample3, decreases strongly in the whole pressure range with growing stoichiometric ratio
Fe/Si. For multiphase samples, a shift of Thevs 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 g&g.0With our results we are able to explain all
the observed sample dependencd pfvith a combination of substitution effects in the homogeneity range of
this compound and internal stress effects caused by impurity pH&63-18206)06018-3

. INTRODUCTION erties, TmFe;Sis shows an amazing behavior under applied
hydrostatic pressuré.Up to 20 kbar a nonlinear dependence

The phenomenon of reentrant superconductivity, an interof T, on pressure with a maximum of about 3.13 K at 9 kbar
esting aspect of the interplay between superconductivity anend one of the largest known positive pressure derivatives
long-range magnetic order, appears in several rare-6REh  dT./dp=0.47 K/kbar are observed. In contrast, the value of
compounds with a spatially ordered sublattice of RE atomsthe reentrant temperature corresponding to thel enpera-

In general, superconductivity is destroyed by ferromagnetigure T\ =1.15 K is relatively independent of pressdréNeu-
ordering, as, e.g., in ErRB, and HoMgSg,* while long-  tron diffraction measurements show that the antiferromag-
range antiferromagnetic ordering usually can coexist withetic structure is unchanged under applied pressure.
superconductivity as, e.g., RRh4B, (R = Nd, Sm, Tm The physical properties of a sample, like the supercon-
and in a number of Chevrel-type RE compoundsrecent  ducting and magnetic transition temperatures, phononic and
example is the superconductor HgRC which nearly re-  electronic properties, the lattice parameters, and the volume
enters the normal state when the Ho moments show a spiraf the unit cell, are determined by its thermodynamic state,
magnetic ordering between 5 and 6 K, while at lower tem-described by appropriate variables. One of these variables is
perature a long-range ordered antiferromagnetic state coesie phase composition, meaning the concentration of the el-
ists with superconductivit§-® ements in a single-phase material. In this paper, we present a

In contrast, TraFe;Sis is the only known reentrant super- detailed study of the superconductivity in JRe;Sis as a
conductor in which superconductivity is destroyed when thefunction of phase composition in single-phase samples, as
Tm moments order antiferromagnetically at about 1.4*%8*  well as in multiphase samples. This study permits one to
This noncoexistence is not understood at present. A detailegistinguish between composition-dependent phase properties
interpretation has been hampered by the apparent sample dsf-Tm,Fe;Sis and behavior induced by impurity phases due
pendence of properties like, e.g., the observed transition teme strain effects. High-temperature susceptibility studies in-
perature for superconductivityl,.. Widely differing values dicate that excess iron does not carry a magnetic moment,
ranging from onset temperatures for superconductivity of 1. %irtually excluding addition magnetic pair breaking as the
K at atmospheric pressureip to the observation that no reason for the decrease Bf with increasing Fe/Si ratio.
superconducting transition occurs without applied pressure
were reported in the literature.

TmyFe;Sis crystallizes in the Sde;Sis structure with
tetragonal space group4/mnc and lattice parameters of
a=10.37(1) A andc=5.405(1) A’ Mosshauer studies  All samples were prepared from high-purity elements
show that in the structure seri&Fe;Sis (R=rare earths (Tm, 99.9%; Fe, 99.999%; and Si, 99.99P#telted together
the upper limit for a magnetic moment on the Fe sites isn an arc furnace under Ar atmosphere. The resulting ingots
smaller than 0.04g due to covalent bonding with were turned over 5 times and remelted to promote homoge-
silicon1°-33The Fe 31 electrons appear to be responsible forneity. The maximum losses during melting of about 2% of
the occurrence of the superconducting stharehile the anti-  the sample mass were due to evaporation of pure Tm, and
ferromagnetic structure is formed by a noncollinear align-splintering off of small amounts of material with unknown
ment of the TM" magnetic moments in the basal pldfi€.  composition from the inhomogeneus sample during cooling

Beside its interesting magnetic and superconducting propsan the copper hearth. The samples were sealed in quartz cap-

Il. SAMPLE PREPARATION AND EXPERIMENTAL
DETAILS
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an analysis of the x-ray intensities, optical metallography,
and energy dispersive x-ray analy$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 dev®®UID) mag-
netometer from 2 to 300 K. For these measurements, the
samples were ground into spheres and corresponding demag-
netization corrections were applied.

195 200 205 210 215 220 225 lll. RESULTS AND DISCUSSION
at% Tm —» A. Phase analysis

Tm,Fe;Sis is in equilibrium with TmFgSi,, TmSi, and

FIG. 1. Nominal composition of the prepared samples,FeSi and three phases with nominal composition
displayed in a partial isothermal section at 800°C: TmgFeyeSigs, Ty F€155ig05, and Tmgd-eis e8Sisyo-
TMyg o €30.00-xSis0.00-x  (S€ri€s A, Tmygd€990:xSiagss-x  Details of the phase diagram are planned to be published
(series B, Ty 50~€29.80+ xSl 49.70- x (series G, elsewheré® The sample series T €0 90+ xSiso.s5 x (SE-
x=0,£0.30,+0.60,+1.00,  Tm oo xFe30Siso  (series D,  ries B), which showed the lowest amount of impurity phases,
x=0,+0.30,+0.62,£0.92,1.23; solid circle, multiphase samples; and series Ty oo, KFe30Si5o (Series D with changing Tm
open circle, single-phase sample or sample with very minor impuzoncentration got an additional thermal treatment for 21 days
r!ty phase; the stoichiometric composition is at the crossing of sex; 1100 © C, 2 days at 1000 °C and 4 days at 800 °C in order
ries A and D. to further improve sample homogeneity. This way, samples

sules under 300 mbar Ar, heat treated for 2 days aé\nth no or very minor detectable impurity phases in the x-ray

1100 °C, 2 days at 1000 °C . and 4 days at 800 °C, and th iffraction (XRD) patterns could be produced. The size of

: : the homogeneity range was determined from these samples.
quenched in water. This heat treatment procedure was ch&y o avtent is very small, approximately 1-2 at. % along

Sén as a c_ompro_mise between preparation time_and SaMB%ed Tm concentration and smaller than 0.3 at. % along
homogeneity. As it turned out, sample homogeneity could b(?/arying Tm concentration. “TiFe,;Sig” is not a stoichio-

improved by prolonged heating at 1100 €1 days fol- metric compound, since the 2:3:5 composition corresponds

IowDed by tf;]e 1000 .’:}nd 800 ;(;;quilibril?t(ijor;_ st((ajpsh only to a point in the homogeneity domain in the isothermal
ue to the mass losses of 2%, a well-defined phase Coms, oy of the ternary diagram. The stoichiometric 2:3:5

position could not be reached by melting individual samplesComposition in Fig. 1 is at the crossing of linésand D
from the elements. Therefore, samples with defined relativ9vhile single-phase samples have been found in series B only.

distance in composition diagram were made by first producwe stress that nominal composition is plotted in Fig. 1, and

ing two master alloys. The uncertainty of the abSOIthenot the sample composition which we estimate to be uncer-

sample position in composition space is about 0.4 at. 0/Otain by about 0.4 at. % as discussed in Sec. Il above. Thus, it

whereas _that. in relative pOSIt(I)OI’] betvyeen _samples Qf th?s not excluded that the homogeneity domain of the phase
same series is about Q.05 at. %. Starting with fogr pairs o “Tm,Fe,Sis” contains the stoichiometric composition.
master alloys, four series of sam_ples were prepéregl 1), Considering the evaporation losses of Tm during melting it is
three at constant Tm concentration 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 uerlzzommon in ternary
; ; rare-earth—transition-metal—silicon systems.

TMa0 5689 g0 Slao 70-x (SeriesC), With the variation of phase composition in the homoge-
x=0,20.30,+0.60,+1.00, and one at fixed stoichiometric neity range one can assume that vacancy formation or mutual

TMyo od=830.00 xSis0.00-x (SErESA),

TMyo 298,901 xSlag g5-x (S€riesB),

ratio FelSi TMg.0or xFE30Si50 (series D, substitution of the atoms involved, Fe and Si, takes place.
x=0,+0.30,+£0.62,+0.92,1.23. In addition, some samples This can affect the lattice parameters if the involved atoms
were prepared individually. have different size. A change in the lattice parameters may

Phase analysis was performed by x-ray powder diffractiorlead to a volume change of the unit cell and could influence
on a Seifert XRD 3000 P diffractometer with secondarythe superconducting properties of the compound in the same
monochromator, using C « radiation. Lattice parameters way as applied pressure. However, the refinement of the lat-
were refined with the method of least squares. In addition tdice constants of all samples revealed, within error limits, no
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FIG. 2. Pressure dependence of the superconducting ] N
transiton midpoint temperature for nominal composition FIG. 3. Pressure dependence of the superconducting transition

midpoint temperature for nominal composition Jyho: xF€305is50

Ty 2d€29 901 xSiag. 85« (SETiES B. "
(series D.

significant variation. We obtaina=10.367(1) A and

) i ) Tm concentration. All samples would have the same phase
c=5.407(1) A in good agreement with the literatdre.

composition of the TFe;Sis phase.

The decrease of ; with overstoichiometric Fe content is
clearly seen in Fig. 4. At any given Fe concentration, the
T. depression is independent of pressure. This means that the

For the post-annealed sample series B and D, ac¥. vs pressure curves in Fig. 2 are shifted parallel to the
susceptibility measurements under hydrostatic pressure wetemperature axis with increasing Fe/Si ratio. We note that in
performed to determine the composition dependence of theontrast to binary systems, no straightforward conclusion
superconducting and magnetic transitions. The results amoncerning the boundaries of the homogeneity domain can
shown in Figs. 2 and 3. All curves show typical nonlinearbe drawn from variation or constancy ®f as a function of
behavior with a broad maximum around 9 kbar. None of thecomposition in a ternary system.
samples is fully superconducting at ambient pressure above The reason for th& . depression with increasing Fe con-
the reentrant temperature of 1.15 K; only a slight onset of @ent could be magnetic pair breaking due to a residual mo-
few percent of the full diamagnetic signal is found in somement of Fe atoms substituting on Si sites. Such substitution
samples. For clarity, we do not include in the figures thedoes not necessarily affect the lattice parameters since the
reentrant transition temperature, also measured by ac suscapetallic radii of Si(1.17 A and Fe(1.24 A) are similar.
tibility. We find that this reentrant temperature, which coin- Incorporated additional Fe atoms may keep a residual mag-
cides with the Nel temperaturdly indicating the transition netic moment due to changed bonding conditions and can
to antiferromagnetic ordér'*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.

B. ac-susceptibility measurements

The T, vs pressure curves for the different samples of 00 v 1

series B, denoted as Tebd€29 90+ xSiag g5-x, Clearly show [ B 3 = I
. 29 . 02F © .
that for the nominally Si-rich samples there is only a weak I
variation inT¢ (Fig. 2. In contrast, for the nominally Fe-rich & -04} -
samples, a rapid decreaseTipoccurs over the full pressure & I I
range with growing Fe content. For the samples with a su- ! 061 A 7koar & il
perconducting midpoint below 1.7 K[ was extrapolated = gl o i v _
from the expected full throw of the signal. The maximum ] N
TC of 3.2 K at 9 kbar for Tnaolzd:ezg_gosi4g.85 (XZO) is . -1.0F b 1
shifted to 1.95 K for sample Tggod-€39 oSiag.85 (X=1.0) 12l ‘ ' x|
(Fig. 2. The maximum pressure coefficieiT,/dp was de- ] Series B: TMyg 557 €50 90Slag gs.x 8
termined to about 0:50.05 K/kbar. No systematic variation 14— L1 el L
12 09 06 -03 00 03 06 09 1.2

with composition is observed for the pressure coefficient at
constant pressure.
In contrast to series B, the analysis of sample series

Tmyg oo xFE30Sis0 (Series D shows no obvious variation of FIG. 4. Variation of the superconducting transition temperature
the T, vs pressure curves with changing nominal concentrawith phase composition at different pressures for nominal compo-
tion of the rare eartliFig. 3). This can be explained with a sition Ty »dF €50 90- Siag 8=« (S€riES B; the bar denotes the typi-
vanishing extent of the homogeneity range along changingal error.

concentration x
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FIG. 6. Superconducting transition temperatligeas a function
of pressure for bulk samples and ground and strain-release annealed
powder for nominal composition g, &9 9850 g5 (Single phase,

FIG. 5. Comparison of T, vs pressure curves with
literature data: Ty .4 €s905ia0g5 (Single phase, series )B

Tmyg of€31.08i5000  (Multiphase, individually  prepargd ; d T ; ltioh individuall )
Tm,g d~€31 Sisg» [multiphase(Ref. 18], and TmFe;Sis [single ;erlsg B and T of e 065000 (Multiphase, individually pre
phase(Ref. 15]. '

o - . . intrinsic to the TmFe;Sis; phase, as would be, e.g., a
appear as magnetic impurities. In this case, the lowering ofchemical pressure effect” due to substitutional dissolution

T. may be explained by magnetic pair breaking. A differentiy the crystallographic lattice of an atomic species of larger
explanation takes into account that the nonlinear pressurgiomic volume. The steep pressure gradient ofis, how-
behavior of T, can be seen as the effect of the Fermi-levelgyer intrinsic to the TFe,Sis phase.

sweeping through a peak in the density of states with in- | grger to test whether the shift in the measured curves is
creasing pressure, as suggested by Segre for the pressyfReed caused by “internal” pressure effects, the samples
behavior of ;Fe;Sis.™ The decrease of the transition tem- \yith nominal COmMpOsition THY 28 €50 oSise s (Series B

perature with increasing Fe content is then the result of g, TmoFesSis, were carefully ground to a grain size of
disorder-induced broadening of the peak and a decrease 96—500,um heat treated for 1 day at 800 °C to release

the maximum in the density of states. strains, and theff, was determined again. The essential dif-

In addition to the four series, some samples not preparefiiences between the two samples have disappeared, as
from master alloys were measured. TReVS pressure CUVe  shown in Fig. 6. This result demonstrates that internal pres-
of the sample with nominal composition Tgfes1Siso, 85 @  gyre effects play an important role in determining the super-
typical example, appears shifted along the pressurgyngycting transition temperature even at ambient pressure.
axis by 0.5 kbar to lower pressures, as compared igjyen the different heat treatments and sample compositions
TMao 24 €29.005140 85 (Series B, but shows no decrease of the yseq py different groupd®8the fact that superconductivity

maximumT, (Fig. 5. In a similar way, the pressure curve js sometimes found in this system at ambient pressure can
reported by Braulf on a sample with nominal composition easily be explained.

Tm,g d~€31 Sisg » 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

Sheltort® appears to be shifted to slightly higher pressures. In order to examine whether the excess iron
Our samples that show this shift parallel to the pressurearries a magnetic moment, all samples of series

axis are not single phase. It is possible that one or mor@myg >d€29 901 xSiag.gs-x (S€ries B were investigated in a

impurity phases present in the sample have a coefficient dfeld of 100 Oe in a commercial SQUID magnetometer with

thermal expansion different from that of TRe;Sis. Thus  a useful temperature range down to about 2 K. As an ex-

an “internal” stress could be produced when the samples arample for the whole series the inverse mass susceptibility is

cooled from the melting point on the copper hearth or laterplotted as a function of temperature for Jgpdesq i

during cooling from room temperature to the kelvin range. 4955 (x=—0.30) in Fig. 7. The high temperature suscepti-

This internal pressure effect is not necessarily visible in ability (T>70 K) of all samples can be fitted with a Curie-

significant change of the unit cell volume. If we assume aweiss law:

volume of the unit cell o/ =581.1(6) A%, a compressibility

of k = 1074~10"2 kbar ! as estimated by Segtéand the C

maximum observed shift on the pressure scaleAgs=1 X=Xt 1-¢g"

kbar, we obtain a volume change of the unit cell of

AV=VkAp~0.06-0.6 A, which is within the estimated whereC is the Curie constant) the paramagnetic Curie

errors of volume determination. Note that this internal effecttemperature, angy, the temperature-independent contribu-

is due to the multiphase nature of a given sample and ndion to the susceptibility, caused by ion cores and the con-

C. Magnetization measurements
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25— —— — However, the present results indicate that there is no sig-
. B - nificant change in the nonmagnetic nature of Fe in this com-
g H=1000e ,,/ 1 pound. Thus, it appears unlikely that the depressiomah
g 20 , i 1 samples with higher than stoichiometric Fe/Si ratio is due to
k2! Pl magnetic pair breaking caused by iron. Clearly, further in-
> 15k “," i vestigations with more sensitive methods like s$dbauer
3 e measurements on the sample series with varying Fe content
g S are indicated.
2 10f o .
3 . J a _ IV. SUMMARY
3 pld - :
g 05F .7 g We used ac-susceptibility measurements under ambient
4 TMyg 2sF€303050.55 | and applied hydrostatic pressure as well as magnetization
Z ; . . . ' ‘ . measurements to study the dependence of the superconduct-
0 — = w180 200 250 300 350 ing and magnetic transition temperatures on phase composi-

tion in the homogeneity range of the ternary antiferromag-
netic reentrant superconductor JHRe;Sis. The results on
single-phase samples reveal that the superconducting transi-
tion temperaturel . is very sensitive to the stoichiometric
ratio Fe/Si over the whole pressure range, while the antifer-
romagnetic transition temperatufgy 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
Qhe 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 v¥. curves to lower pressure values.
This can be explained with internal stress effects, caused by

Curie-Weiss behavior. This can be attributed to crystalline;; ; : : ;
o : L different thermal expansions of matrix and impurity phases.
electric field(CEPF effects. A Curie-Weiss fit in that range With our measurements, it is possible to explain the ob-

results in a strongly different value for the averaged effec'uveserved sample dependenceTafand provide an explanation

m:aignetlft: mome% of (4£1i3)tHB.d'Sltr]9be tgur s?trﬂples a;rel for the different published'® onset temperatures. In multi-
polycrystatine with an oriéntation distribution ot the crystal- phase samples, due to the steep pressure gradidny, af-

lites that is neither random nor fully textured, we refrain . ="« offects caused by the impurity phases may in-

from an analysis in terms of CEF states. . ;
; duce superconductivity even at atmospheric pressure.
The analysis of the SQUID measurements on samples P y P P

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 EDX and scanning electron microscoff)EM) measure-
iron'®~13in the R,Fe;Sis series of compounds. The disorder ments have been performed at the BIBayreuther Institut
introduced by the incorporation of excess iron, most likelyflir Makromolekiforschung. We thank W. Ettig for techni-
on Si sites, then conceivably could lead to magnetic behaviotal support and C. Drummer for her assistance in EDX
of the iron. analysis.

temperature (K)

FIG. 7. Inverse mass susceptibili/M as a function of tem-
perature at 100 Oe for Tsg,d630.305110 55 (S€ries B. Dotted lines
are Curie-Weiss fits for the low- and high-temperature parts.

ducting electronsy, is of the order of 10® emu/g and is
negligible compared tg. The Curie constant shows no sys-
tematic variation with the Fe/Si ratio. The averaged effectiv
magnetic moment per T ion determined from the Curie
constant is (7.€0.3)ug, which within errors equals the
free ion value of 7.35.

Below 70 K the inverse susceptibility deviates from the
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