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Tm,Fe;Sis has been studied at low temperatures by neutron powder diffraction techniques. At
T=1.5 K the diffraction pattern is characteristic of a tetragonal crystal structure, space group
P4/mnc (D$,; with a=10.332 A and ¢=5.388 A), similar to that of the prototype compound
Sc,Fe;Sis. Below T=1.2 K magnetic scattering peaks develop, which can be indexed with the pa-

rameters of the chemical cell.

A noncollinear antiferromagnetic structure is proposed which

features ordering of Tm moments in the (110) set of directions. The magnetic moment of Tm is

6.5up at the lowest temperature attained, 0.35 K.

INTRODUCTION

Tm,Fe;Sis has attracted much interest due to the fact
that both superconductivity and magnetism appear in this
compound.’? An antiferromagnetic transition occurs
near a Néel temperature T =1.15 K. Mutual inductance
measurements have shown, in addition to the magnetic
transition, a partial (i.e., a few percent) superconducting
transition below 2.0 K, and a full superconducting transi-
tion above about 3 kbar.!2

Tm,Fe;Sis is a member of the tetragonal M,Fe;Sis
family, space group P4/mnc (D§,; prototype
Sc,Fe;Sis).>—> Superconductivity is observed in these ma-
terials when the rare-earth atom M is nonmagnetic, in
spite of the high concentration of iron.5 The appearance
of superconductivity is even more unusual in Tm,Fe;Sis
since Tm is itself a magnetic atom."?

Previous work on Tm,Fe;Sis includes specific-heat
measurements, which show, in contrast to the multiple
specific-heat anomalies observed in Tb,Fe;Sis and
Er,Fe;Sis, only a single anomaly, near T=1.1 K.
Mossbauer studies on other members of this family of
cognplcl)unds are consistent with the iron being nonmagnet-
ic.

The present neutron diffraction study of Tm,Fe;Sis is
an extension of previous work on Tb,Fe;Sis (Ref. 12) and
Er,Fe;Sis (Ref. 13). In each of the earlier studies, two
magnetic structures were observed. Just below Ty an in-
commensurate structure appeared. Then, at lower tem-
peratures corresponding to those at which additional
specific-heat anomalies occur, commensurate magnetic
phases appeared. However, in the case of Tm,Fe;Sis only
a single transition, to a commensurate structure, near
T=1.15 K is observed.

SAMPLE PREPARATION
AND EXPERIMENTAL METHODS

A 5-g sample of Tm,Fe;Sis was prepared. Fe and Si
were first melted in a copper hearth arc furnace under a
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Ti-gettered Ar atmosphere, following which the Tm was
melted into the alloy in the same furnace. The ingot was
heat treated in a metal element vacuum furnace for 4 days
at 1200°C. In this step about 3% of the original mass
was lost from evaporation and/or by spalling.

An x-ray diffraction scan of a powder sample of the fi-
nal product was performed on a General Electric XRD-5
diffractometer equipped with diffracted beam monochro-
mator, using Cu Ka radiation. In addition to the expect-
ed peaks for Tm,Fe;Sis, several weak impurity peaks of
intensity up to 3% of the most intense peak were seen.
Room-temperature lattice parameters determined from
the x-ray diffraction scan were @ =10.37 A and ¢ =5.405
A.

Neutron diffraction scans were performed at the
Brookhaven National Laboratory High Flux Beam Reac-
tor with a neutron wavelength of 2.38 A. A pyrolytic gra-
phite monochromator and analyzer were set for the (002)
reflection, higher-order contamination being suppressed
with a graphite filter. Collimation was set at 20’, 40’, 40’,
and 40, respectively, for in-pile, monochromator-sample,
sample-analyzer, and analyzer-detector locations. The
powder sample was contained in an Al sample holder in-
side a pumped *He Dewar. Neutron scans over the range
20=10° to 70° were performed at two temperatures,
T=1.5 K, above Ty, and at 0.32 K, the lowest tempera-
ture studied. At intermediate temperatures, various scans
of individual peaks were made. Superconducting proper-
ties were determined by low-temperature mutual induc-
tance measurements performed on ‘a solid portion of the
sample.

RESULTS

Portions of the full neutron diffraction scans are shown
in Fig. 1. At 1.5 K [Fig. 1(a)], most of the peaks can be
indexed on the basis of the chemical cell. Impurity peaks
are also present in the pattern, the most obvious being at
20=44.2°. Several additional unidentified peaks, overlap-
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FIG. 1. Portions of neutron diffraction scans of Tm,Fe;Sis at
(@) 1.5 K and at (b) 0.35 K. The neutron wavelength was 2.38
A. Nuclear scattering peaks are indexed in (a); magnetic peaks
only are indexed in (b).

ping the nuclear peaks, are also apparent. The presence of
these impurity peaks precluded analysis by the Rietveld
profile technique utilized in earlier studies.'>!* However,
individual and overlapping peaks were fit with Gaussian
peak shape(s) by a least-squares procedure which varied
peak positions, amplitudes, and full widths at half max-
imum.  Results of these fits provide accurate peak posi-
tions and intensities for characterizing the chemical struc-
ture.

The model chosen for the chemical structure was as-
sumed to have P4/mnc symmetry with tetragonal cell pa-
rameters @ =10.332 A and c=35.388 A. Positional pa-
rameters, which are assumed to be the same as those
determined in the Rietveld refinement for the structure of
Er,Fe;Sis,!? are as follows:

Tm: x=0.072, y=0.236;
Fe;: x=0.377, y=0.358;
Si;: x=0.175;

Siy: z=0.246 ;

Siy: x=0.185, y=0.476 .

Neutron scattering lengths were taken from the compila-
tion of Koester,!* and temperature factors were set equal
to zero in the calculations. Table I lists the peak positions

TABLE 1. Calculated (I.,.) and observed (I) integrated intensities for nuclear (T'=1.5 K) and
combined nuclear and magnetic scattering (7'=0.35 K) below 20=60°. Calculated 26’s and hkl’s are
listed. Observed 26’s agree with calculated values to within +0.02°. Impurity peaks are denoted by an
asterisk. The large discrepancy between observed and calculated intensities for (400) at 54.89 is also at-
tributed to an overlapping impurity peak. (Dashes appear at positions forbidden in the nuclear pattern.)

Nuclear Nuclear and magnetic
hkl 20:: I calc I obs 1 calc I obs
100 13.23 — — 5869 6547(110)
110 18.76 4 0 2063 2082(30)
200 26.65 144 128(15) 144 156(10)

 28.28* : ~40
101 28.86 531 543(20) 838 - 801(18)
210 29.86 =0 =0 44 - =0
111 31.87 — — 1096 1350(37)
32.36* ~20 .
201 37.24 — — 718 552(20)
220 38.04 13 20(5) 595 616(20)
211 39.68 =0 2(5) 1621 1343(30)
300 40.45 — — =0 18(18)
310 - 4274 434 466(20) 506 520(20)
44.10* ' ~180
221 46.38 — — 41 125(9)
301 48.44 163 188(10) 698 666(21)
. 320 49.10 15 2(4) 560 607(20)
311 50.44 677 707(26) 1120 1220(30)
51.68* ~50 .
002 52.45 275 291(12) 275 250(12)
102 54.35 - — 830 742(24)
400 54.89* 2 50 2 *
321 56.11 121 382
112 5620 462 559010) <1083 > 1128(35)
410 56.73 451. 437(16) 456 470(17)




and intensities, calculated using the above model, which
can be compared with observed intensities obtained from
the least-squares fits, from which it is seen that agreement
is generally good.

Below Ty=1.15 K additional peaks developed, as
shown by the diffraction pattern at T=0.35 K [Fig. 1(b)].
These peaks may be attributed to antiferromagnetic order,
as indicated by the previously reported susceptibility’ and
specific-heat’ data. With the exception of a small peak at
260=14.6°, the magnetic cell can be indexed with the lat-
tice parameters of the chemical cell, but exhibits a dif-
ferent set of systematic absences as shown by the magnet-
ic Bragg indices in Fig. 1(b).

The pattern observed at 0.35 K was decomposed into
integrated intensities using the same least-squares routine
described above. The magnetic intensities can be well ac-
counted for by a noncollinear model of antiferromagnetic
order of the Tm moments as illustrated in Fig. 2. Tm po-
sitions in four adjacent cells are shown projected on the
(001) plane, with the Tm moments arranged along the
(110) set of directions as represented by the arrows.

The calculated nuclear peak intensities and positions
were assumed to be the same as at 1.5 K, and the magnet-
ic intensities at 0.35 K were calculated with a Tm mo-
ment u==6.5up, ordered as in Fig. 2, utilizing calculated
spherical form factors for Tm.!> Good agreement is seen
between the calculated and observed intensities (see Table
I), the estimate of the uncertainty in the moment being
iO.S[J,B .

The relative intensity of the (100) magnetic peak was
determined as a function of temperature. From these
measurements, the variation of the Tm moment as a func-
tion of temperature may be determined normalized to the
value of 6.5up found at 0.35 K. The monotonic variation
is consistent with the observation of only a single magnet-
ic phase.

Mutual inductance measurements were carried out on a
portion of the Tm,Fe;Sis sample (see Fig. 4). The
behavior observed is typical of that previously observed at
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FIG. 2. Illustration of Tm atomic positions in four adjacent
chemical cells, projected on the (001) plane. Cell edges are
shown by straight solid intersecting lines. Tm atoms at z=0 are
represented by shaded symbols; atoms at z=c /2 by open sym-
bols. Arrows represent moment directions. Line connecting Tm
atoms describe near-neighbor (001) squares.
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FIG. 3. Magnetic moment of Tm as a function of tempera-
ture. See the text for details.

atmospheric pressure,! and may be interpreted as follows.
Above T =2 K the susceptibility increases as the tempera-
ture is reduced, as is characteristic of antiferromagnets
above Ty. Below 2 K there is a downturn in the suscepti-
bility which we attribute to a partial (i.e., a few percent)
superconducting transition. This slight degree of super-
conductivity may be strain-induced, since it is known that
Tm,Fe;Si5 becomes fully superconducting near a pressure
of 3 kbar.? For example, a similar partial (nonbulk)
strain-induced superconducting transition is often ob-
served in uranium, which also becomes a bulk supercon-
ductor at a pressure of a few kbar.!®!7 Below 1.2 K, an
upturn in the susceptibility of Tm,Fe;Si; signifies the end
of the superconducting transition, and the increase in the
Pauli paramagnetism above Ty resumes. Near 1.05 K the
susceptibility reaches a maximum, and the sharp dropoff
below Ty is again the expected behavior for an antifer-
romagnet. Neutron diffraction scans were performed in
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FIG. 4. Mutual inductance (susceptibility) measurements, X,

on_Tm,Fe;Sis. A value of —150 for X,. corresponds to an ap-
proximately full superconducting transition.
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the region between 2.0 K and 1.2 K in a search for mag-
netic diffraction peaks, since the susceptibility results
could possibly be interpreted as magnetic ordering near 2
K. No evidence of such peaks was observed, however.
Thus the neutron diffraction results are consistent with
the interpretation of the susceptibility results given above.

The above model does not account for the small peak at
20=14.6° noted above. Within experimental error this
peak has the same 7'y and temperature dependence as the
(100) peak, and may therefore reflect a slight long-range
modulation of the structure shown in Fig. 2.

SUMMARY

This neutron diffraction study has determined the na-
ture of the antiferromagnetic ordering in Tm,Fe;Si; below
the Néel temperature of 1.15 K. As in earlier investiga-
tions of M,Fe;Sis, the rare earth, Tm, is the sole contribu-
tor to magnetic order.8~12 Unlike the cases of the Tb and
Er compounds studied previously by neutron diffrac-
tion,'>!% only one magnetic phase is observed (down to
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T=0.35 K). The magnetic moments order within the
(001) plane, and are directed in the (110) set of direc-
tions. In this respect, the magnetic structure has much in
common with the commensurate model proposed for
Er,Fe;Sis.!* The main difference is that moments on di-
agonally opposite corners of the basal plane squares (Fig.
2) are antiparallel in Tm,Fe;Sis, but parallel in the Er
compound.
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