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4f instability and elastic properties in the metal system TmS in high magnetic fields
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We have made an investigation of the elastic properties of TmS in high magnetic fields. A pronounced
softening was observed in elastic constantsC11 and (C112C12)/2 at low temperatures, while no softening was
observed inC44. An analysis based on crystalline electric field splitting of Tm ions indicates that ferroelectric
quadrupolar interactions among quadrupolar moments withG3 symmetry developed at low temperatures. Two
distinct anomalies inC11 were found in magnetic fields. We propose an (H-T) phase diagram based on present
and former results. This phase diagram implies that a field-induced ferromagnetic quadrupolar transition may
occur in addition to an antiferromagnetic transition. Furthermore, the bulk modulusCB exhibits a softening at
low temperature, implying an instability of the 4f state in the Tm ions.
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I. INTRODUCTION

Tm monochalcogenides (TmX:X5S,Se,Te), which crys-
tallize in the simple NaCl structure, have attracted much
tention because of their rich variety of magnetic and tra
port properties depending onX. These various phenomen
such as metal-insulator transition, Kondo-like behavior in
sistivity, metamagnetic transition in magnetization, and so
are mainly ascribed to the different degrees of instability
the 4f state in Tm ions.1,2 This instability causes a change
the valence of Tm ions is written as follows:2

Tm21�Tm3115d. ~1.1!

The valence of Tm ion is related closely to the radius of
X ion as well as a lattice constant of TmX after crystalliza-
tion. TmTe is a magnetic semiconductor with predominan
divalent Tm ions.3–6 The 4f 13 level is located in the energ
gap between 5p valence band and 5d conduction band.7–9

The higher valence band is mainly composed of chalcog
ide and thed conduction band mainly of Tm. The differenc
in energy between the 5d conduction band and the 4f 13 level
is estimated to be 0.35 eV.10 As the lattice constant of TmX
decreases, the crystalline electric field~CEF! effect on 5d
conduction band becomes larger and making the 5d conduc-
tion band broader. At the same time the 4f 13 level shifts to
the higher energy side until the 4f 13 level touches the bottom
of 5d conduction band, at which point they hybridize. Th
situation is realized in TmSe. Tm ions are considered to fl
tuate between two magnetic configurations Tm21 and Tm31

in TmSe.1 Actually, it shows a homogenous intermediat
valence~IV ! state.11 Furthermore, in TmS, which has th
smallest lattice constant in TmX, the 5d conduction band is
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broader and the 4f 13 level shifts more toward the highe
energy side than those in TmSe. One electron which oc
pied the 4f 13 level moves into the 5d conduction band. This
sequential change in valency from Tm21 to Tm31 can be
seen in the lattice parameter and Curie constant of th
compounds.2,6,12All of TmX shows the magnetic ordering a
low temperatures. TmTe has an antiferromagnetic type
structure belowTN50.4 K,13 moreover, an antiferroelectric
quadrupolar ordering seems to occur atTQ51.8 K observed
by specific heat measurement.4 TmSe has an antiferromag
netic type I structure belowTN53.5 K,11 whereas below 6.5
K, TmS has an incommensurate modulated structure wi
commensurate propagation~1

2,
1
2,

1
2! and an~2h,h,0! incom-

mensurate vector, whereh50.075 at 1.5 K.14

TmS has been studied intensively so far because it sh
the following attractive phenomena. The resistivity exhib
anomalous behavior.3 That is to say, it follows mostly
Kondo-like lnT dependence in the high temperature regio
shows a maximum around 10 K, and a small jump atTN . It
peaks around 250~mV cm! and remains constant at lowe
temperatures. However, this constant resistivity decrease
magnetic fields. The specific heat of TmS shows a sharp p
at TN .3 This peak shifts to the lower temperature side w
increase of magnetic fields. The corresponding entropy
leases mostlyR ln 2 at TN and then increases monotonous
with increasing temperature. The plateau has not been
because of the CEF splitting of 4f state in Tm ions. Some
models of the CEF energy scheme have been proposed1,14–15

but the clear CEF splitting energy scheme has not been
termined so far. The high temperature part of the therm
expansion of TmS indicates that CEF effects similar to th
observed in TmSb might be present.1 They imply a CEF
splitting of the lowest two levels to beG12G4 of 25 K.
©2001 The American Physical Society34-1
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However, it seems that the total CEF splitting energy is sm
enough not to exhibit an anomaly in susceptibil
measurements.3,6 Furthermore, the instability of Tm 4f state
is considered to make it difficult to determine the expli
total CEF energy scheme.

In order to understand the nature of the 4f state in rare
earth compounds, it is very important to determine the C
level scheme of the 4f state in rare earth ions. Furthermor
again, a recent study on TmTe reveals that the quadrup
moment plays an important role. Ultrasonic measureme
are a powerful method to elucidate the ground state multi
of rare earth ions split mainly by CEF effect, and the ch
acter of quadrupolar moments in 4f level.

Thus, a knowledge of the elastic properties measured
ultrasound is essentially important for understanding
4 f -electronic state in TmS and helps to explain the unus
features observed in TmS as mentioned above. In this pa
we report ultrasonic measurements under magnetic field
the unusual metal TmS on a high quality single crys
sample. Brief reports have been published in Ref. 16.

II. EXPERIMENTS

The single crystal of TmS used in this study was gro
by the Bridgeman method in a tungsten crucible. Detai
information about the specimens are explained elsewher3,4

Each specimen used for the present ultrasonic measure
was cut into a rectangular along the^100& direction. For the
measurement of the (C112C12)/2 mode, the plane~110! of a
sample was polished using fine carborundum powder.

The sound velocity measurement was performed with
ultrasonic apparatus based on the phase comparison me
Piezoelectric transducers of quartz and LiNbO3 were used.
The fundamental resonance frequency of the quartz
LiNbO3 is 10–30 MHz. The absolute velocity was obtain
by measuring the delay time for a sequence of ultraso
echoes with an accuracy of a several percent. The ela
constantC5rn2 could be calculated from the sound veloci
n and the densityr of the crystal,r was estimated by the
lattice constants of TmS (a55.42 Å).3 The measuremen
was carried out down to the temperature of 1.5 K and un
magnetic fields up to 13 T using a superconducting mag

III. EXPERIMENTAL RESULTS

A. Temperature dependence of the elastic constants
at zero field

We have measured the longitudinal as well as transv
ultrasonic modes. Figures 1 and 2 show the temperature
pendence of the elastic constantsC11, (C112C12)/2, C44,
andCB in TmS. The transverseC44 mode increases monoto
nously with decreasing temperature and shows a small
around the antiferromagnetic ordering atTN56.5 K. How-
ever, theC44 shows an upward curvature. On the other ha
the longitudinalC11 mode exhibits a softening of 4.5% from
50 K down to the magnetic ordering point atTN . The trans-
verse (C112C12)/2 mode also exhibits a softening of 4.5
from 100 K down toTN . This indicates that the CEF groun
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state has a degenerate quadrupolar moment withG3 symme-
try. To obtain information about the kind of quadrupolar i
teractions, the softening observed in (C112C12)/2 is ana-
lyzed using second order perturbation theory as discus
below. Moreover, the bulk modulusCB associated with a
volume strain«a5(«xx1«yy1«zz)/A3 calculated fromC11
and (C112C12)/2 using the relationCB5(C1112C12)/3 ex-
hibits a pronounced softening aroundTN as shown in Fig. 2.

FIG. 1. Temperature dependence of the elastic constantsC11,
(C112C12)/2, andC44 in TmS in zero field.

FIG. 2. Temperature dependence of bulk modulusCB in TmS.
The inset shows the temperature dependence ofCB on an expanded
scale.
4-2
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TABLE I. Expression of the quadrupolar operators, the normalized, symmetrized strains and the
sponding elastic constants for the cubic symmetry.

«Gg OGg CG

G1 «a5(«xx1«yy1«zz)/A3 OB5Jx
21Jy

21Jz
2 C1112C1253CB

G3 «1
g5(2«zz2«xx2«yy)/A65«u O2

05$3Jz
22J(J11)%/A3 (C112C12)

«2
g5(«xx2«yy)/A25«v O2

25Jx
22Jy

2

G5 «1
«5A2«yz Oyz5JyJz1JzJy 2C44

«2
«5A2«zx Ozx5JzJx1JxJz

«3
«5A2«xy Oxy5JxJy1JyJx
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This result may suggest that volume instability occu
aroundTN in this system. We will discuss about the volum
effect in detail later.

Here, we consider the quadrupolar interaction betweenG3
type quadrupolar moment associated with the softening
served in the transverse (C112C12)/2 mode. The interaction
between the quadrupolar moment of the 4f electron and the
elastic strain leads to elastic softening reflecting the C
level scheme.

The Hamiltonian between the interaction of the quadru
lar momentOGg in 4 f -electronic state and the local stra
«Gg is shown as follows:17–20

Hqs5(
i

gGOGg~ i !«G , ~3.1!

whereOGg( i ) is the equivalent quadrupolar operator at t
ith rare earth site andgG is the coupling constant. The suffi
of G stands for the irreducible representation. The relation
the elastic strains, quadrupolar operators and correspon
elastic constants in cubic symmetry are summarized in Ta
I. From the second derivative of the free energy with resp
to «Gg , the temperature dependence of the elastic const
is given by the following equation:

CG~T!5CG
0~T!2

NgG
2xG~T!

12gG8xG~T!
, ~3.2!

wheregG8 is the coupling constant between the quadrupo
moments andN is the number of ions in a unit volume.CG

0 is
the background elastic constant derived from nonf-
electronic part.CG

0 varies mainly because of anharmonic e
fects. The second term of Eq.~3.2! gives the effect of the
localizedf electrons in CEF level scheme. In the case of
ground state, which is degenerate with respect to the qua
polar momentOGg , the corresponding elastic constant e
hibits a softening in the nonzero Curie term. As mentioned
the Introduction, the explicit CEF energy level scheme
TmS has not been established yet. Thus, it is impossibl
analyze our results in terms of Eq.~3.2!, explicitly.

According to our results it is expected that the grou
state degenerates with respect toO2

0 or O2
2. The Curie term

should be dominant at low temperatures. Together, they
duce a pronounced softening. In this sense, therefore by
ing xG5AG /T, Eq. ~3.2! is rewritten as follows:
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CG~T!5CG
0~T!2

NgG
2AG

T2gG8AG
, ~3.3!

where AG is the Curie constant of the quadrupol
susceptibility.18 The solid line of (C112C12)/2 shown in Fig.
3 is a fit with parameters ofNgG

2AG50.05,gG8AG55.5. This
means that (C112C12)/2 is almost governed by the Curi
term in the elastic constant due to the ground state dege
ated with the quadrupolar momentO2

0 or O2
2. If G3 doublet is

the CEF ground state, the fitting curve gives us thegG

52.64 K andgG850.266 K. Thermal expansion of TmS i
positive along the fourfold axis atTN . Therefore, the
O2

0-type ferroquadrupolar~FQ! interaction is considered to
be dominant at lower temperatures.

B. Temperature dependence of the elastic constants under
magnetic fields

Next, we would like to show the longitudinal elastic co
stant under magnetic fields up to 12 T along the^100& direc-
tion. Figure 4 shows the temperature dependence ofC11 un-
der magnetic fields along thê100& axis, in which a
pronounced softening is observed at zero field. The soften

FIG. 3. Temperature dependence of the elastic constant (C11

2C12)/2 in TmS aroundTN . Dotted line is a theoretical fit in terms
of the formula ~3.3! in the text. We obtain the parameters
NgG

2AG50.05,gG8AG55.5, andCG
0511.0731011 (erg/cm3).
4-3
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observed aroundTN is gradually suppressed with increasin
magnetic fields. Figure 5 shows the detailed correspond
low temperature region in expanded scale. One anom
aroundTN is observed in zero field. However, by applying
magnetic field, this anomaly is split into two anomalies
shown in Fig. 5. The lower transition temperature shifts
lower temperatures with increasing fields and disappe
around 2 T. While, the higher transition temperature shifts
higher temperatures up to 6 T and then shifts to lower te
peratures above 6 T. The higher transition temperature
comes lower and gradually disappears with increasing m
netic fields. Both anomalies are considered to be relate
the shift of the quadrupolar moment as will be discuss
later.

Figure 6 shows the magnetic field dependence ofC11
along the^100& direction at 1.5 and 4.2 K. The first-orde

FIG. 4. Temperature dependence ofC11 in TmS aroundTN at
various magnetic fields along the^001& axis.

FIG. 5. Low-temperature behavior of theC11 mode of TmS in
magnetic field on an expanded scale. Arrows indicate the trans
temperatures.
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phase transition occurs around 2 T accompanied with hys
esis. This result is consistent with a suppression of the s
ening under fields above 2 T as shown in Fig. 4.

C. „H -T… phase diagram

The (H-T) phase diagram of TmS was established fro
the present results and shown in Fig. 7. There are three
ferent regions. An unusual feature of this phase diagram
that the boundary of phase I seems to disappear gradu
with increasing magnetic fields. In our previous experimen
no anomaly could be detected by careful magnetization m
surements in magnetic fields up to 30 T at this boundary
shown in Fig. 8.21 The boundary between phase II and pha
III corresponds to the field where the softening is suppres

n

FIG. 6. Magnetic field dependence ofC11 in TmS at 1.5 and 4.2
K. Arrow indicates the phase transition point.

FIG. 7. Phase diagram of TmS in magnetic fields along
^001& axis. The darkness of closed circles represent the sharpne
anomalies inC11-T measurement. The3 represents the anomaly i
theC11-H measurement. Phase I is a paramagnetic phase. Pha
is the antiferromagnetic phase. We propose that phase II might
combined antiferromagnetic phase and field induced ferroquadr
lar ordering phase.
4-4
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4 f INSTABILITY AND ELASTIC PROPERTIES IN . . . PHYSICAL REVIEW B64 184434
rapidly by magnetic field. Also small anomaly has been o
served in the magnetization at this point.

IV. DISCUSSION

From the analysis of the observed softening inC11 and
(C112C12)/2, the CEF ground state of Tm ions in TmS h
degenerate quadrupolar moments withG3 symmetry and
with a quadrupolar interaction among them. No softening
been observed inC44, however, it exhibits upward curvatur
as a function of temperature. The same behavior has b
observed in CeAs.22 Our present results also suggest thatG3
doublet is plausible as the CEF ground state of Tm ions
TmS. Actually, as mentioned in Introduction, the entropy
leases mostlyR ln 2 atTN indicating the CEF ground state t
be doublet.G3 ground state may bring a quadrupolar ord
ing. However, it is difficult to conclude at this moment th
the CEF ground state isG3 doublet becauseG3 has no mag-
netic moment. IfG3 is the CEF ground stateG4 , G5

(1) , or
G5

(2) as an excited state will be needed to bring the magn
ordering by the same story as a singlet-ground-state prob
where the interaction between thermally induced magn
moments brings about the magnetic order. However, ifG5

(1)

or G5
(2) is chosen as the first excited state a softening mus

observed inC44. This is inconsistent with our present re
sults. The explicit excited CEF energy scheme is still an o
problem. Nevertheless, our results suggest thatG3 doublet is
plausible as the CEF ground state.

As mentioned above, TmS has an AF magnetic struc

with q5@ 1
2 1h, 1

2 2h, 1
2 #, whereh is 0.075 at 1.5 K.14 The

magnetic moment is directed along one of the fourfo
axes.23 This configuration is favorable for the ground sta
with G3 symmetry. We expect that the FQ interaction ofG3

symmetry~O2
0-type! may cause the structural change. Th

FIG. 8. The (H-T) phase diagram forH//^001& determined by
the former results.3: specific heat~Ref. 21!, m, l: magnetization
~Ref. 25!, n, L: magnetic resistance~Ref. 25!, d, h: M /H-T ~Ref.
25!.
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2

1h, 1
2 2h, 1

2 # at low temperatures.
Next, we consider the (H-T) phase diagram determine

by the present results. There are three distinct phases
expect that phase II may beO2

0-type FQ ordering induced by
magnetic fields because of the following reasons. Pres
results indicate that theO2

0-type FQ interaction is dominan
at low temperatures. The crystal stretches along the^100&
axis at low temperatures.1 The rapid hardening occurs at th
transition between II and III. We made the (H-T) phase dia-
gram of TmS, using the results of magnetization, magneto
sistance, and specific heat measurements as shown in
8.21,24,25It would be worthwhile to compare the two (H-T)
phase diagrams of TmS: Figs. 7 and 8. One can recognize
corresponding boundaries. The I phase boundary is de
mined by a well-defined elastic and specific heat anom
However, a small kink in magnetization is observed. There
another boundary in phase II, distinguished by II and II8. The
phase boundary between II and II8 is bounded by the abrup
decrease of magnetoresistance and the small anoma
magnetization. However, this boundary has never been
served in the elastic constants. While the phase bound
between II and III is observed as an abrupt change in ela
constants and as a small anomaly in magnetization that
recognized bydM/dH. In this system, we propose that bo
the magnetic and quadrupolar phases coexist. As describ
a separate article of TmS, the exchange field was estimate21

The degree of the exchange field corresponds well to
boundary between II and II8 phase. Furthermore, we neve
observed the anomaly corresponding to this boundary
elastic constants. Thus, this boundary seems to be a mag
boundary. On the other hand, at the phase boundary betw
II and III the softening of the elastic constant is suppres
by magnetic fields. This implies that a kind of phase tran
tion occurs.

However, we cannot conclude that this phase is ferroq
drupole ordering, because some of the softening are no
large compared to conventional materials in which ferroq
drupole ordering occurs.18,26 Moreover, in TmS there is no
remarkable lattice distortion observed in such material18

This may be related to the fact that the AF magnetic order
occurs and the 4f state tends to be unstable around a tran
tion temperature of 6.5 K, deduced from the temperat
dependence ofCB presumably originating from the stat
with both configurations of Tm21 and Tm31. These facts
may affect the magnitude of the softening inC11 and (C11
2C12)/2 modes.

Here, we discuss magnetic ordering. The AF magne
transition occurs atTN56.5 K.14 However, it is not clear
whether FQ ordering occurs or not in zero field. If both ma
netic and quadrupolar ordering occur simultaneously at
same point, it should be a first order phase transition.27–29

This is not consistent with the results of specific heat m
surements in magnetic fields. The obtained boundary
tween I phase and others seems to be second order.3,21 The
obtained results let us conjecture that the magnetic ph
transition causes the quadrupolar ordering.

Next, we must consider magnetic domain walls. The
4-5
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tation of a domain wall by magnetic fields also influenc
elastic constant. However, the softening cannot follow
analysis based on the Curie term of a quadrupolar strain
ceptibility. In a thesis on TmS we suggest that theO2

0-type
FQ interaction plays an important role in an anisotropy
served in magnetization curves, that is to say, theO2

0-type
FQ interaction would be preferable to explain them.21 This
consideration also leads the phase II and II8 to be due to the
O2

0-type FQ ordering induced by magnetic fields.
Finally, we comment the origin of a softening observed

CB . The charge fluctuation of Tm ions seems to influen
stronglyCB because it is related closely to a change of to
volume as seen in the mixed valence system SmB6.18 From
the viewpoint of basic magnetism, it is very interesting h
the valence changes below a magnetic transition tempera
in intermediate-valence~IV ! system. Especially, in TmS
both Tm21 and Tm31 have a magnetic moment originate
from the 4f state different from Ce or Yb compounds. T
IV state cannot be described by the usualJ multiplet. The
observed softening ofCB may be related to the change of
total volume of the crystal at low temperatures. The decis
of a valence of Tm ions below 6.5 K will provide us cruci
information to understand our result ofCB . The small mag-
nitude of softening inC11 and (C112C12)/2 may be ascribed
to the intermediate-valence 4f system. The electronic struc
ture of TmS was determined by resonant photoemiss
studies.30–34 These results confirmed that the photoelect
spectra of TmS originates mostly from trivalent Tm 4f elec-
trons with a small surface component of Tm21 ions. How-
ever, no information about the bulk nature of TmS was
ported. It is very difficult to remove the surface contributio
in photoemission measurements. However, the magnetic
ceptibility and recent neutron inelastic scattering meas
ments reveal that Tm ion has a valence of12.9, not rigid
13.0.3,35 These results confirm that TmS has
intermediate-valence 4f state the same as TmSe.

V. CONCLUSION

We have performed ultrasonic investigation on Tm
single crystal under magnetic fields. The elastic softeni
ne

are
.

r,

ira

, A
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exhibit in C11 and (C112C12)/2, while monotonic increase
of elastic constants has been appeared inC44 with decreasing
temperature. The present results imply that the CEF multi
ground state has degenerate quadrupolar moments witG3

symmetry. We have found remarkable transitions in the e
tic constantC11 under magnetic fields. The (H-T) phase
diagram has been established by our results. We propose
the phases are composed of the AF magnetic phase and
ordering phase. However, there remain unexplainable
tures associated with the boundary between I and others
propose that AF interactions andO2

0-type FQ interactions
coexists at low temperatures under magnetic field. In l
fields the former is dominant, whereas above 2 T the latte
dominant andO2

0-type FQ ordering may occur, induced b
magnetic fields.

Note that the bulk modulusCB associated with the vol
ume dependent strain exhibits anomalous softening as
as (C112C12)/2 presumably because of the valence insta
ity of the 4f state. AroundTN56.5 K magnetic ordering, the
development of quadrupolar interactions betweenOG3 and a
valence instability occurred. The relatively small softening
C11 and (C112C12)/2 may be caused by valence fluctu
tions between Tm12 and Tm13.

However, there still remains the fundamental quest
how the unstable 4f state produces the quadrupolar mome
We plan to measure the elastic constants of TmSe un
magnetic fields. These results, especially to determine
(H-T) phase diagram, will help us to understand 4f proper-
ties in TmS and how the intermediate-valence state can b
about magnetic ordering as well as quadrupolar ordering
this material.
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