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Structural and electronic transitions in the low-temperature, high-pressure phase of SmS
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Structural and electronic properties of samarium sulfide were studied under pressure up to 2.9 GPa and at
low temperatures down to 4.5 K via x-ray diffraction and absorption techniques. The measurements are a direct
probe of the valence and structural state of samarium sulphide at low temperatures through the black-to-gold
and magnetic transitions. A divalent state is found below the first-order valence transition reached in this study
at 58 K and 1.13 GPa. Above the transition, the valence increases linearly with pressure. In particular, it is
found the samarium has an intermediate valence [2.81 (4)] in the magnetically ordered phase at 2.9 GPa and
4.5 K. Resonant x-ray magnetic scattering found no evidence of type I or type IA magnetic order in the

magnetically orderded phase.

DOI: 10.1103/PhysRevB.71.245118

Recent years have seen the resurgence of interest in the
behavior of strongly correlated electron systems. Particular
emphasis has been placed on the issues of spin and charge
fluctuations close to a magnetic instability in mixed valence
systems. The most remarkable breakthrough was the discov-
ery of superconductivity close to the magnetic quantum criti-
cal point of several heavy fermion systems.! The interaction
responsible for this nonconventional superconducting state is
generally attributed to spin fluctuations though charge fluc-
tuations may also play a role. In fact it is suspected that
charge fluctuations enhance the superconductivity in several
of these systems.” The classical intermediate-valence system
SmS provides an ideal opportunity to study charge fluctua-
tions in the vicinity of a magnetic quantum-critical point.

At ambient pressure SmS is a semiconductor that crystal-
lizes in the NaCl structure with divalent, or close to divalent,
Sm.? A small increase in pressure (0.65 GPa) at room tem-
perature is sufficient to induce a well-known volume col-
lapse of about 15%.* This first-order isostructural phase
transition alters the valence state of Sm to a homogenous
intermediate-valent state*® and the color of the sample
from black to gold. In the high-pressure (gold) phase, the
high-temperature resistivity is metallic but on lowering
the temperature a crossover to a strongly correlated semicon-
ductor is observed. This is only suppressed with pressures
above ~2.0 GPa.”® The phase diagram for SmS is presented
in Fig. 1.

It is difficult to access the black-to-gold transition at low
temperatures. This is mainly due to the first-order nature of
the transition and the strong hysteresis, which means that the
transition can only be determined by in sifu pressure changes
at low temperature. In fact, there are very few measurements
of the black-to-gold transition pressure at low temperature.
McWhan et al.'' performed a single measurement on the
lattice parameter at 85 K where the pressure was increased in
situ. They concluded that the transition pressure is increased
by only 0.1 GPa in comparison to the 300 K value, although
the maximum pressure reached (0.8 GPa) was not sufficient
to obtain a complete high-pressure phase. Further informa-
tion on the black-to-gold transition has been gained by resis-
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tivity measurements.®>!3 The determination of the transition
pressure from the resistivity is not obvious and this led Mo-
rillo et al.’ and Bader et al.® to extract very different values
using the same data set. Any other results have been obtained
in experiments where the pressure was fixed at ambient tem-
perature before cooling. In these cases the sample remained
in the high-pressure phase upon cooling because of the
strong hysteresis. As a result of these difficulties the phase
diagram, as the black-to-gold transition is crossed, is as yet
not well established. The contribution of this study to the
phase diagram will be discussed more fully in the latter part
of this paper.

The phase diagram also shows the magnetic transition T,
established by very recent nuclear forward scattering (NFS)
and specific heat measurements under high pressure. These
measurements unambiguously show the onset of long-range
magnetic order at 2.0 GPa.!'>!* It was always expected that
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FIG. 1. The phase diagram for SmS showing different measure-
ments of the phase boundary between the black semiconducting and
golden metallic phases. (] data sets obtained by Morillo et al.” The
broken line is a guide to the eye. The A represents data reported by
Ref. 10, the * is as reported by McWhan et al., Ref. 11, and the O
shows the magnetic transition,'”> @ represents this work. T,, de-
notes the magnetic transition.
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SmS would reach a trivalent state upon the application of
sufficiently high pressure and that long-range magnetic order
should exist since Sm** is a Kramers ion."> In fact it has
generally been accepted that long-range magnetic order in
Sm compounds can only be obtained when the trivalent Sm**
state is reached. However, recent band-structure calculations
suggest that the intermediate-valent state of Sm could sustain
a nonzero magnetic moment.'® High-pressure x-ray absorp-
tion studies on SmS at room temperature were performed
more than 20 years ago'’ and show a valence of 2.6 at the
volume collapse, which increases to ~2.65 at 2.0 GPa. There
are, to date, no measurements of the valence of Sm at
low temperatures. It is therefore uncertain whether the
magnetic state at low temperatures coexists with intermedi-
ate or trivalent Sm.

The aim of this work is to further establish the SmS (p, T)
phase diagram in terms of the structural and valence transi-
tions and their association with the semiconductor to metal
and magnetic transitions. This is achieved via absorption
spectra and x-ray diffraction under these pressures and tem-
perature conditions where magnetic order occurs. These
spectra reflect the valence state of Sm in SmS as the black-
to-gold transition is crossed and as magnetic order emerges.
Furthermore, systematic measurements on the lattice param-
eters allows the correlation of the structure with the valence
state and magnetic order. A discontinuous volume contrac-
tion is expected as magnetic order emerges with a valence
jump toward a trivalent state.'*

This work has been performed on the magnetic-scattering
beamline ID20 at the European Synchrotron Radiation
Facility. Single-crystal SmS samples have been grown using
the Bridgman technique in a sealed Tantalum crucible and
thereafter cleaved to obtain the required dimensions
60 um X 110 wm X 280 wm. The [0 O 1] scattering plane
was employed since platelets with this orientation are easily
cleaved in SmS. Other orientations would require polishing,
and this can be sufficient to induce the transition to the high-
pressure phase on the surface.

Hydrostatic pressure was applied using a Moissanite anvil
cell adapted for use under x-ray-scattering conditions at low
temperatures. The incident and exit scattering paths are
through a Be gasket, 0.25 mm thick, with external and inter-
nal diameters of 2 and 1 mm, respectively. Low-energy x
rays, 3—10 keV, can therefore be scattered without severe
absorption along the scattering path. The pressure-
transmitting medium was nitrogen. The sample was mounted
in a variable temperature cryostat (1.5-300 K) with an insert
capable of in situ pressure changes and measurements. To
determine the pressure transmitted to the sample the ruby
fluorescence technique was employed thereby monitoring the
pressure directly at each pressure change with an average
uncertainty of 0.03 GPa. A more detailed description of the
experimental setup will be published elsewhere.'®

The pressure was initially increased at 4.5 K in three steps
up to 0.73 GPa. However, mechanical complications made it
difficult to further increase the pressure at this temperature.
Subsequent pressure steps required heating the pressure cell
to progressively higher temperatures in the range 50-100 K.
Once the expected pressure was obtained it was possible to
cool the sample to 4.5 K without significant loss of pressure.
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FIG. 2. (Color) Absorption spectra around the Sm Ly edge for
pressures p=0 GPa and p=1.85 GPa at 4.5 K. The position of the
Sm?* and Sm** white line peaks are indicated. The Lorentzian and
arctan functions represent Eq. (1) used to determine the valence
state of Sm. The full black and red lines through the absorption
spectra are fits to the ambient-pressure and high-pressure data,
respectively.

Pressures up to 2.86 GPa at 4.5 K were reached in this man-
ner. Under these conditions absorption, in fluorescence yield
mode, and x-ray-diffraction measurements have been per-
formed around the Sm Ly; absorption edge, E=6716 eV,
with an energy resolution of AE/E=107%.

The valence state, derived from absorption spectra, was
obtained over the complete pressurerange, 0-2.86 GPa, and
also at temperatures 4.5 and 50 K. Therefore it was also
possible to determine the valence variation with temperature.
These data provide the first direct measurements of the va-
lence state of Sm in the magnetically ordered state of SmS.

Figure 2 displays the absorption spectra of the black and
gold phases at 4.5 K. The raw fluorescence spectra were
normalized to the incident-beam monitor and thereafter were
normalized with respect to the intensities below and above
the white lines. The intensities below the white line were
used to perform a background subtraction. The high-energy
data were used to normalize the data set to unity above the
white line. Therefore, the background below the white line
corresponds to zero excitations and those above to unity. A
self-absorption correction in accordance with!® was further-
more applied to finally obtain the absorption spectra. The
spectrum at 0 GPa clearly reveals a single white line indica-
tive of the divalent state at 6711.7 eV. Alternatively, the spec-
trum obtained at 1.85 GPa displays two white lines at 6711.7
and 6719.3 eV corresponding to the divalent and trivalent
states, respectively, representative of the intermediate va-
lence state.

Figure 3 shows the change in the absorption line shape on
the application of pressure in the gold phase at 4.5 K. The
trivalent white line is dominant across the gold phase with a
reduction in the intensity of the divalent white line as the
pressure is increased. Nevertheless, the Sm?* white line re-
mains as a shoulder beyond 2.0 GPa where magnetism has
been implied. In fact, this shoulder is still present at 2.86
GPa, indicating that Sm has not entered its trivalent state.
Long-range magnetic order has therefore been implied, con-
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FIG. 3. (Color online) Absorption spectra with increasing pres-
sure above the semicondutor to metal transition at T=4.5 K. The
low-energy shoulder corresponds to the white line of Sm?* and has
not disappeared by 2.86 GPa, ~0.9 GPa above the pressure where
magnetic order has been implied.

trary to expectation, with Sm in its intermediate-valent state.

The spectrum of a mixed-valent atomic state has charac-
teristic structure because of the existence of two white lines
corresponding to the integer valent states, 4f" and 4f**!. The
absorption line shapes have been analyzed using Lorentzian
and arctangent functions to represent the excitation and a
continuous background, respectively, for both integer valent
states, Sm** and Sm3*.?° Using the simplex Nelder-Mead
method of least-squares fitting,?! a fit of the parameters in the
following expression was performed:

(k)I'?
I(E) =By + B,E + szm e f(E_ 7
plc) ( 1 [E-(E.+ 5)])
= () +p(2) 0.5+ 7Tatan 05T .

(1)

In this expression E denotes the energy with By+ B E repre-
senting a linear background. The Ly absorption edge of the
Lanthanides mainly gives rise to an excitation from a 2p core
electron to an empty state in the 5d conduction band. This
excitation can be modeled using a Lorentzian with a half-
width at full maximum, I', representative of the core-hole
lifetime. The strengths of the individual Lorentzian line
shapes are given by p; and p,. The background continuum
denotes any excitation above the first ionization potential.
In Sm this is 5.6 eV above the point of inflexion of the
absorption line shapes and so E.=6714.6 and 6721.6 for the
di- and trivalent lines, respectively. The & value denotes a
slight shift of the continuum of —1.6 eV as observed in me-
tallic systems.?” The white lines occur at E;=6711.7 and
E,=6719.3 eV. A fit of the absorption line shapes indicated
that I'=3.4(2) eV for all the spectra. This is comparable to
the value of I" quoted for Eu, the element adjacent to Sm in
the Lanthanides.”’ Since I' is equivalent in both the black
and gold phases the matrix elements for the 2p-5d excita-
tions, as probed in the rare-earth systems at L absorption
edges, are similar in both the divalent and intermediate va-
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FIG. 4. (Color) (a) Valence state of Sm in SmS obtained by
fluorescence spectra for 7=4.5 and 50 K. (b) Variation of the lattice
parameters, obtained from the (0 0 4) Bragg diffraction peak, as a
function of pressure with the increase in mosaic spread given on the
right-hand y-axis.

lent state. The independent parameters optimized in Eq. (1)
were therefore py, p,, By, and B;. The correlation coefficient
for the fits ranged from 0.962 to 0.989. The valence state
were then extracted from the relative strengths of the Lorent-
zian line shapes.

Figure 4(a) shows the valence states of Sm in SmS calcu-
lated using Eq. (1). Below the transition a single white line in
the absorption spectra indicates a uniquely divalent state.
This is not necessarily accurate since analysis of the data
reveal that any valence up to 2.2 would appear as divalent.
The continium behind the divalent white line obscures the
small contribution of the trivalent white line. Hence, it is not
possible to verify the claim by Rohler et al.?° that a nonin-
teger valence state exists below the semiconductor to metal
transition. Although the variation of the lattice parameter in
the black phase [Fig. 4(b)] might indicate an increase in va-
lence via Vegards lattice parameter analysis, it is impossible
to correctly determine this state since this requires the bulk
modulus value and the lattice parameter of the trivalent
state.’? The first-order phase transition occured at 58 K and
1.13 GPa and is followed by a linear increase in valence
from 2.67(4) at 1.13 GPa to 2.81(4) electrons at 2.86 GPa.
The determination of the valence at high pressure is more
precise at high pressures since there is no continuum mask-
ing the weak contribution of the line. Above 2.0 GPa, where
magnetic order occurs in SmS, our measurements clearly
show an intermediate valence both above and below the or-
dering temperature. The pressure variation of the valence

245118-3



DEEN et al.

that we find implies that SmS will not become trivalent until
at least 6 GPa.

We now discuss the phase diagram of the first-order
black-to-gold phase transition. In this study, the lattice pa-
rameters were measured at 4.5 K from the (0 0 4) structural
Bragg peak. The initial aim was to cross the black-gold
boundary at 4.5 K but for reasons described in the experi-
mental section this was unsuccesful. Instead it was necessary
to increase the temperature to 58 K in order to attain a pres-
sure of 1.13 GPa and, thus, reach the transition. This pro-
vides a new point on the phase diagram (see Fig. 1) and is an
indication that the first-order transition is coincident with the
analysis of the resistivity measurements by Morillo et al.’

On crossing the transition an isostructural volume col-
lapse of 13% was observed and although the sample re-
mained a single crystal, the mosaicity increased substantially
from 0.030(2)° to 2.5(1)°. Below the transition a single
Bragg peak was observed corresponding to the black phase.
As the transition was crossed two peaks were resolved show-
ing the phase separation within the sample. At higher pres-
sures a single peak remained implying the occurence of a
homogeneous mixed phase. As the pressure is further in-
creased a uniform volume contraction is observed. No dis-
continuous volume contraction, as expected with the onset of
magnetic order with trivalent Sm, was observed. This is in
accordance with an intermediate-valence state for Sm.

Barla et al.'> observed magnetic order in SmS using
NFS, but this technique is unable to determine the precise
magnetic structure. Via resonant x-ray magnetic scattering
(RXMS) it is possible to probe the electronic state of the
magnetically ordered species and gain spatial information
on this magnetic state.?® The feasibility of RXMS from bulk
Sm and Sm compounds has been amply demonstrated.>*—2¢
The magnetic order found in rare-earth chalcogenides is
typically a type L, II, or IA antiferromagnet.”’” A search for
magnetic order will therefore commence along the principal
symmetry directions. A [0 O 1] scattering plane enables a
search for type I and IA structures along the [0 0 L] direc-
tion. The large mosaicity of the sample used to determine
the valence state hinders the search for a magnetic signal
since the deterioration of the sample results in a reduced
scattering intensity. A different single crystal sample was
therefore cleaved from the same batch with dimensions
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80 um X 150 pm X 300 wm. In an attempt to preserve the
mosaicity the phase transition was crossed at ambient tem-
perature. The mosaicity of the sample was 0.26(5)° at 1.1
GPa and 300 K. In the magnetic phase, 7=4.5 K and
p=2.7 GPa, the mosaicity had increased to 0.8(5)°, which is
substantially lower than the the mosaicity observed by cross-
ing the black-to-gold phase transition at low temperatures. In
this scattering geometry it is possible to probe for antiferro-
magnetic wave vectors around (0 0 L) reciprocal space po-
sitions. Useful expressions for the scattering amplitudes have
been developed by Hannon et al.,”® Hamrick,” Hill and
McMorrow,** and for the particular case of Sm by Stunault et
al.® In the case of SmS the resonant magnetic dipole signal
of the first harmonic for the (0 0 2.5), (0 0 3), and (0 0 3.5)
positions in the -0 polarization channel is calculated to be
~1073 relative to the (0 0 2) charge-scattering intensity. Ac-
cordingly an extensive search was performed around the Sm
Ly absorption edge using a Cu (2 2 0) polarization analyzer
crystal to detect RXMS in the -0 polarization channel.
However, no detectable signal was found, leading to the con-
clusion that long-range magnetic order with q=(00L)
does not exist. This leaves open the possibility of a type II
antiferrromagnetic structure with q=(0.50.50.5). Further
experiments to search for this magnetic ordering wave vector
are anticipated.

A greater understanding of the (p,T) phase diagram of
SmS has been gained from fluorescence spectra and x-ray
diffraction measurements at the Sm Ly absorption edge. In
particular, it has been possible to map the valence state of
Sm in SmS and the structure of SmS by in situ pressure
increases at 4.5 K up to 2.86 GPa. The structural and elec-
tronic state both undergo a first-order phase transition at 1.13
GPa and 58 K. This data provide the first point on the tran-
sition curve by structural measurements and confirms the
trend obtained by resistivity measurements.” The electronic
state of Sm as magnetic order is established shows no dis-
continuity and contrary to expectation magnetic order exists
with intermediate-valent Sm. The valence state at the onset
of magnetic order extracted from this work is 2.78(4). This
agrees with the band-structure calculations by Antonov et
al.'® where a low-moment magnetic ground state exists in the
low-temperature golden phase of SmS with Sm in an inter-
mediate valence state of 2.86.'°
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