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Suppression of superconductivity by antiferromagnetism in Tm,Fe;Sis

J. A. Gotaas
Institute for Materials Science and Engineering, National Bureau of Standards, Gaithersburg, Maryland 20899

J. W. Lynn
Department of Physics, University of Maryland, College Park, Maryland 20742
and National Bureau of Standards, Gaithersburg, Maryland 20899

R. N. Shelton* and P. Klavins*
Ames Laboratory and Department of Physics, Iowa State University, Ames, Iowa 50011

H. F. Braun
Institut fur Physik, Universitdt Bayreuth, D-8580 Bayreuth, Federal Republic of Germany
(Received 24 July 1987)

Powder neutron-diffraction experiments at pressures up to 8.2 kbar and temperatures down to
0.3 K have been performed on the antiferromagnetic ternary compound Tm;Fe3;Sis. For pressures
between 2 and 21 kbar, this system becomes superconducting at T, > Tn, with a subsequent
reentrance to the normal conducting state at T.2= Tn. Our measurements demonstrate that the
antiferromagnetic structure is unchanged under pressure, with no evidence for a ferromagnetic
component at any pressure that would compete with the superconducting phase. This is the first
experimental observation of the quenching of superconductivity by a purely antiferromagnetic

state.

There has been intense interest in ternary rare-earth
(R) compounds since the discovery in the RRhyB4 and
RMog(S,Se)g systems of both the interesting competition
between ferromagnetism and superconductivity and the
coexistence of antiferromagnetic ordering with supercon-
ductivity.! The ternary system R,Fe;Sis displays a
variety of unusual phenomena, including several examples
of the occurrence of superconductivity in the absence of
magnetic ordering (R =Y, Lu, or Sc),? which is possible
since the iron atoms carry no moment.>* In the case of
many of the magnetic rare earths, antiferromagnetic or-
dering is found without superconductivity (R= Gd, Tb,
Dy, Ho, Er, Tm, or Yb).>»> The particular case of
Tm;Fes3Sis is interesting because it orders antiferromag-
netically at ambient pressure with a rather low transition
temperature of Tnx=1.1 K,>® while the application of
pressure drives the system superconducting, as shown® in
Fig. 1. The most interesting feature of this phase diagram
is the line forming the lower boundary of the supercon-
ducting phase (SP), where the SP phase is suppressed
once the antiferromagnetic ordering takes place. If the
ordered magnetic state is truly antiferromagnetic, then
this represents a unique experimental observation of the
destruction of superconductivity by antiferromagnetism in
rare-earth ternary compounds. In order to verify this im-
portant result, we have examined Tm,Fe;Sis via neutron
diffraction under applied pressures up to 8.2 kbar and
temperatures down to 0.3 K.

The neutron experiments were performed at pressures
of 2, 4.5, 5.8, and 8.2 kbar, which span the region of in-
terest up to the maximum 7. In each case, the powder
sample was placed in an aluminum pressure cell which
was pressurized at room temperature and clamped.” The
pressure was calibrated by directly measuring the super-
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conducting transition temperature via ac susceptibility.
For the diffraction experiments, the pressure cell was en-
closed in an aluminum sample chamber, which was filled
with an STP of helium gas to ensure good thermal con-
ductivity at low temperatures, and then mounted in a
pumped *He cryostat capable of reaching 0.3 K. The
diffraction measurements were carried out on a variety of
spectrometers at the National Bureau of Standards Reac-
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FIG. 1. Temperature-pressure phase diagram of TmFe3Sis,
showing the normal-paramagnetic (NP), superconducting-
paramagnetic (SP), and normal-antiferromagnetic phases
(NA). The transition temperatures have been determined by ac
susceptibility (7.),(I); T.2,0; Tn,0) and neutron diffraction
(Tn,D).
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tor, utilizing a pyrolytic graphite monochromator and
filter and a typical incident neutron wavelength of 2.35 A.
After completion of the neutron measurements, the pres-
sure was checked via ac susceptibility. In each case the
pressure in the cell was found to be stable with time and
thermal cycling.

The crystallographic structure of TmjFe;Sis is primi-
tive tetragonal with space group P4/mnc,® and remains
unchanged under application of pressures up to 8 kbar, as
we have determined by high-resolution neutron-diffraction
patterns taken at room temperature and 78 K. Figure
2(a) shows the diffraction pattern at 8.2 kbar and 1.6 K,
which is below 7, but above Tn. The broad lump of
scattering peaking at —11° is temperature independent
and originates from the pressure cell, while the sharp
peaks are nuclear Bragg reflections. Figure 2(b) shows
the diffraction pattern in the ordered magnetic state at 0.4
K, which consists of both nuclear and magnetic Bragg
peaks. Note in particular the additional strong reflections
at low angles which result from the antiferromagnetic or-
der. A subtraction of these two data sets isolates the mag-
netic Bragg peaks;® these are shown in Fig. 2(c). Note in
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particular that the broad scattering at low angles has sub-
tracted out, leaving a general negative background due to
the shifting of the high-temperature diffuse paramagnetic
scattering into the antiferromagnetic Bragg peaks. The
magnetic pattern at 8.2 kbar is the same as that found at
ambient pressure. We remark that a dramatic change in
the magnetic structure was not expected since 7Ty shows
little change with pressure.

The model for the spin structure proposed by Mooden-
baugh, Cox and Vining® is a complicated four-sublattice
structure with the moments lying in the (110)-type direc-
tions. Both sets of neutron data are in reasonable agree-
ment with the model, although there are some systematic
discrepancies between the model and the data. For the
present considerations, it is essential to determine if there
is any ferromagnetic component in the actual structure
(at any pressure) which might be responsible for the de-
struction of the superconductivity. As a result of the mul-
tisublattice magnetic structure there is magnetic intensity
at virtually all the nuclear peak positions, which compli-
cates the detection of a possible ferromagnetic component.
Two peaks, which have no antiferromagnetic contribution
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FIG. 2. Observed diffraction data at 8.2 kbar. Only peaks with observable intensity are labeled. (a) Nuclear-diffraction pattern
observed at 1.6 K (SP phase). (b) Diffraction pattern observed at 0.4 K, showing additional peaks due to antiferromagnetic ordering
(NA phase). (c) Difference pattern obtained by subtracting the data at 1.6 K from the data at 0.4 K. Only the peaks which are mag-

netic in origin survive the subtraction.
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({200} and {002}), were examined carefully and found to
have no ferromagnetic contribution, but the experimental
precision was only 1.5u. To improve the precision of this
important result, an additional experiment was carried out
with polarized neutrons. If a polarized neutron beam is
transmitted through a sample which orders ferromagneti-
cally, the local magnetization will tend to rotate the polar-
ization of the beam; the polarized beam transmission mea-
surement, thus, serves as a sensitive indicator of any fer-
romagnetic ordering in a system.!® There was no ob-
served change in the beam polarization as a function of
temperature in Tm,Fe;Sis at 8.2 kbar and we estimate
from these data that any ferromagnetic component must
be <O0.1ug. We have also used small-angle neutron
scattering as well as conventional diffraction techniques to
search for ferromagnetic fluctuations or possible oscillato-
ry magnetic states in the vicinity of the transition, but no
evidence was found for such additional effects which
might accompany the destruction of the superconducting
phase.

To further characterize the magnetic state, the peak in-
tensity of the {100} antiferromagnetic peak was measured
as a function of temperature. The normalized intensities
for 2 and 8.2 kbar are displayed in Fig. 3. The magnetic
intensity is proportional to the square of the sublattice
magnetization, and hence, is directly related to the mag-
netic order parameter. The behavior of this peak intensity
is very similar at all pressures measured, as can be seen in
Fig. 3. For the purposes of estimating the antiferromag-
netic transition temperature, we may employ the mean-
field approximation, wherein the magnetic intensity will
be linear with temperature in the vicinity of the transition.
Fitting a straight line to the peak intensity between 1.0
and 1.1 K yields the estimates of the transition tempera-
tures shown in Fig. 1. The values range from 1.086 K at 2
kbar to 1.122 K at 8.2 kbar, a change which is three times
smaller than the change in 7T, observed via ac susceptibil-
ity. In addition, there is clear evidence of hysteresis in the
reentrant transition temperature in the susceptibility mea-
surements, growing as large as 50 mK between 4.4 and 16
kbar,® while there is no measurable hysteresis observed in
the {100} intensity. The only noticeable difference in the
present measurements at the two pressures is the addition-
al scattering between 1.1 and 1.3 K at higher pressures. If
we associate the reentrant transition with this extra
scattering, rather than the linear extrapolation as estimat-
ed above, then the magnitude of the change in Ty is ap-
proximately the same as the change in 7.,. However,
there is still no evidence of hysteresis in the neutron
scattering data. We remark that this additional scattering
could be due to a distribution of 7n’s in the sample, or it
could originate from unresolved satellites arising from a
very long wavelength modulated state, or it could be criti-
cal scattering. In any case, the magnetic transition shows
no first-order character. We can contrast this behavior
with the case of the reentrant ferromagnetic superconduc-
tors ErRhyB4; and HoMogSg, which display substantial
hysteresis in the ferromagnetic, sinumagnetic, and super-
conducting order parameters. "!1:12
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FIG. 3. Normalized {100} antiferromagnetic peak intensity,
for P=2 kbar (¢ ) and P =8.2 kbar (O). Solid lines are guides
for the eye.

Generally, the theories which have been developed for
antiferromagnetic superconductors predict that the mag-
netic and superconducting states will coexist, with some
modifications of the superconducting properties (particu-
larly H,;) in the magnetically ordered states. 13-17 Machi-
da, Nokura, and Matsubara' do explicitly consider a
choice of parameters in which the superconducting state is
destroyed by the antiferromagnetic transition, but then
the superconducting state would be expected to reemerge
at lower temperatures. We have examined Tm;Fe;Sis at
8.2 kbar via ac susceptibility measurements down to 40
mK, and find no evidence for such an additional transi-
tion.

In conclusion, these neutron-diffraction measurements
show that there is no ferromagnetic component to the
magnetism in the ordered state, and no change in the na-
ture of the antiferromagnetic ordering under increased
pressure. Thus, the superconductivity is quenched by
purely antiferromagnetic order. This is the first direct ex-
perimental observation of this phenomenon, and should
place strict constraints on the various theories which have
been applied to antiferromagnetic superconductors.
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