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Magnetic structure of the Er3¿ moments in the charge-density-wave compound Er5Ir 4Si10
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We report the magnetic structure of the local moment magnetism in high-quality single crystals of the
intermetallic compound Er5Ir4Si10, which shows two charge-density-wave~CDW! transitions (TCDW

(1) 5155 K
and TCDW

(2) 555 K!. Bulk measurements demonstrate that the system has an effective Curie-Weiss magnetic
moment of 9.7mB and undergoes long-range antiferromagnetic~AFM! ordering at 2.8 K. The neutron-
diffraction data establish the AFM structure of the Er31 with unequal moments at different Er sites aligned
along thec axis where also the CDW transitions occur.
tic

si
g
id
on
nt
n
s
t
w

en
m

ar
m
s-
a-

in
an
ab

’s

ur
e

e

ur

tu
f

n.
-
ki

as

as

o
ese

d
eu-

ag-

for

the
Study of ternary rare-earth~R! intermetallic compounds
of the typeR5M4Si10 ~space groupP4/mbm, M5 transition
metal!1 is currently of interest due to their exotic magne
orderings, crystal electric-field~CEF! effects, and collective
phenomena, like superconductivity and charge-den
waves~CDW’s!.2–6 In these systems the local-moment ma
netism is mainly due to the Ruderman-Kittel-Kasuya-Yos
~RKKY ! exchange, which is a long-range interacti
between the localized 4f electrons, mediated by the itinera
conduction electrons. At the same time, possible existe
of one-dimensional~1D! chains in this structure cause
the nesting of the Fermi surfaces, which could lead
the occurrence of CDW at higher temperatures. This allo
the unique possibility of studying the interplay betwe
CDW and local-moment magnetism in this class of co
pounds.

Rare-earth iridium silicides,R5Ir4Si10, are particularly
suited for this purpose: The ones with magnetic rare-e
ions order magnetically at low temperatures and in so
cases~heavy rare earths! also display anomalies in the resi
tivity at higher temperatures.2,3 These anomalies were tent
tively attributed to either CDW or spin-density wave~SDW!.
The true nature of these transitions was not ascertained s
measurements were performed on polycrystals without
high-resolution diffraction studies. Recently, we have est
lished, via single-crystal x-ray diffraction,6 that Er5Ir4Si10
shows a transition to an atypical incommensurate CDW~155
K!, which locks in commensurately at 55 K. The CDW
take place along thec axis, with a q vector (0,0,1/46d)
below 155 K, and~0,0,1/4! below 55 K. The first transition
appears simultaneously with a commensurate struct
transformation@q5(0,0,1/2)#. The system crystalizes in th
tetragonal Sc5Co4Si10 structure ~space groupP4/mbm)
where Sc atoms occupy three different sites. The low dim
sionality required for typical CDW behavior in Er5Ir4Si10
can be visualized if one considers that the CDW occ
along the chains of Er1 atoms~along thec axis!, embedded
in a network of closely bonded Er2-Er3 atoms~see Fig. 1 in
Refs. 5 and 6!.

In this paper we present the magnetic order and struc
of the Er31 moments in the CDW modulated lattice o
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Er5Ir4Si10 via bulk measurements and neutron diffractio
Two single-crystal samples of Er5Ir4Si10 have been synthe
sized in a tri-arc crystal puller using the Czochrals
technique7 ~pulling rate 5 mm/hour; seed rotation 15 rpm!.
The purity of the elements~melted in a stoichiometric ratio!
was Er:4N, Ir:4N, and Si:5N. The quality of the crystals w
analyzed using electron-probe microanalysis~EPMA! which
proved them to be single phase~secondary phases,1%)
and to have the correct 5:4:10 stoichiometry~within 2%
resolution!. The single-crystalline nature of the samples w
verified using a Laue diffraction technique.

The magnetic susceptibility (x), the electrical resistivity
(r), and the specific heat (Cp) were measured, from 1.8 t
300 K, on oriented small bars of the single crystals. For th
measurements a Quantum Design magnetometer~MPMS,
Magnetic Property Measurement System! and Physical Prop-
erty Measurement System~PPMS! were used. Powder an
single-crystal neutron diffraction were performed at the n
tron facility ~BENSC! of the Hahn-Meitner Institut, Berlin.

Previous measurements of electrical resistivity and m
netic susceptibility on polycrystalline samples2,3 showed an-

FIG. 1. Temperature dependence of the dc susceptibility
Er5Ir4Si10, below 20 K. The sharp cusp~broader along thea axis!
indicates the antiferromagnetic ordering atTN52.8 K. The inset
displays the inverse of the dc susceptibility vs temperature, and
solid line is a Curie-Weiss fit to the data.
13 840 ©2000 The American Physical Society
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tiferromagnetic ordering around 3 K. Our single-crystal d
of dc susceptibility are presented in Fig. 1. The tempera
dependence of the inverse ofxdc ~see inset of Fig. 1! exhibits
a Curie-Weiss behavior from 300 K down to about 20
where the data deviate slightly from linearity. This can
ascribed to the CEF effects. In the Curie-Weiss regime
anisotropy is observed, while below 20 K thexdc with field
along thea axis is smaller than the one with field along thec
axis. The effective moment is found to be 9.7mB , in agree-
ment with the expected value for the Er31 free ion, andup
523.0 K. ForT,2.8 K the system orders antiferromagne
cally, whereby the magnetic susceptibility shows a sh
cusp along thec axis and a broader anomaly along thea axis,
as depicted in Fig. 1.

Heat-capacity data8 show a l-type anomaly ~with S
50.6 R ln2 per mole Er, atTN) suggesting a second-orde
transition at 2.8 K and establishing the bulk antiferroma
netic ordering in Er5Ir4Si10. Figure 2 displays the low-
temperature electrical resistivity alonga and c axes. The
change in slope ofr ~peak indr/dT in the inset of Fig. 2!
indicates the antiferromagnetic transition. No hysteresis
fect was observed either inx or r above and below the
antiferromagnetic transition.

Powder and single-crystal neutron diffraction have be
carried out at on the BENSC diffractometers E2 and E
Both diffractometers are equipped with multichannel det
tors, covering a range of scattering angles of 80° and 2
respectively. To allow for the detection of low indexe
Bragg reflections, relatively long wavelengths of 2.406 a
2.448 Å , respectively, were used. To account for the stro
absorption of neutrons by Er and Ir, resulting in a bulk a
sorption lengthm2151 mm, the sample diameters were ke
small ~2–3 mm!. The powder sample was cooled in a flo
cryostat, while the single-crystal diffraction experiment w
performed using a3He/4He dilution refrigerator. The analy
sis of the diffraction data was carried out using GSAS~Gen-
eral Structure Analysis System!.9

From powder diffractograms collected at 1.7 and 3.5
~not shown! a number of Bragg reflections of magnetic o
gin, appearing on cooling belowTN , were identified. Almost
all these peaks could be indexed as (h/2,k/2,0), h,k5odd.

FIG. 2. Low-temperature resistivity for current alonga and c
axes. The change of slope inr indicates the onset of the antiferro
magnetic ordering. The inset shows the temperature derivativ
the resistivity (dr/dT).
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This corresponds to the propagation vectork5(1/2,1/2,0). In
order to improve the statistical data quality we subseque
performed single-crystal diffraction measurements. The
lindrical sample was mounted with thec axis, coinciding
with the cylinder axis, perpendicular to the scattering pla
Therefore in the experiment a full quadrant of the (hk0)
scattering plane could be scanned by slowly rotating
sample around the verticalv axis by about 100° and collect
ing the scattered neutrons in the multichannel detectors. T
procedure ensures that no Bragg reflections in the scatte
plane can be accidentally overlooked.

The resulting magnetic diffractogram after integrati
over v is displayed in Fig. 3. AtT52 K we observe only
reflections of type (h/2,k/2,0), h,k 5 odd, which is consis-
tent with the above propagation vector derived from t
powder data. This implies a doubling of the unit cell alo
the two directions in the basal plane. The corresponding
cell of size 2a32a3c contains 40 Er ions. Obviously, on
has to make use of symmetry arguments to reduce the n
ber of free parameters for building a model of the magne
structure.

We arrive at the simplest model consistent with the d
as follows:

~i! The propagation vectork5(1/2,1/2,0) implies that the
two basal plane diagonals of the original tetragonal cell
come inequivalent and consequently the magnetic symm
is orthorhombic.

~ii ! The magnetic structure can be represented in a
which is rotated by 45° with respect to the original cell wi
cell parametersa85b85aA2. This is the smallest magneti
unit cell consistent with the mentioned propagation vec
and contains only 20 Er ions. Most of the symmetry eleme
of the original cell are conserved in the orthorhombic spa
groupCmmm. In this cell the Er1 ions are located at~1/4,1/
4,0! equivalent positions. The positions Er2 and Er3 split
into two subsets, Er2a/Er3a (0,y,1/2) and Er2b/Er3b
(x,0,1/2).

~iii ! All moments located in common planes perpendic
lar to k are assumed to carry equal magnetic moments. T
results in ferromagnetic sheets stacked alongk.

of FIG. 3. Difference between the diffractogram at 2 K~antiferro-
magnetic state! and the one at 4 K~paramagnetic state!. Only Bragg
reflections of magnetic origin remain.
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TABLE I. Observed magnetic integrated intensities@ I (2 K!–I (4 K!# and calculated intensities (I cal)
from the fit of the magnetic structure with the model described in the text. All the intensities are norm
to the (3/2,1/2,0)1(3/2,21/2,0) calculated intensity. The calculated reliability factor for this fit is 0.5%

hkl 2u ~deg! I ~2 K!–I ~4 K! I cal

(1/2,1/2,0) 8.41 31.83 32.50
(3/2,1/2,0)1(3/2,21/2,0) 18.18 99.67 100
(3/2,3/2,0) 24.33 30.06 30.10
(5/2,1/2,0)1(5/2,21/2,0) 29.22 24.0 24.0
(5/2,3/2,0)1(5/2,23/2,0) 33.45 22.53 22.65
(5/2,5/2,0) 40.75 29.08 29.19
(7/2,1/2,0)1(7/2,21/2,0) 40.75 33.04 32.93
(7/2,3/2,0)1(7/2,23/2,0) 43.98 20.59 20.61
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~iv! The presence of the reflections of type (h/2,h/2,0)
shows that the magnetic moments are not parallel tok, i.e.,
not perpendicular to the sheets.

~v! The small intensity of reflections of type (h/2,k/2,1)
observed in the powder data with smallh,k indicates that the
moments are oriented parallel toc. This is consistent with the
pronounced reduction ofxdc below TN ~see Fig. 1!.

All these points lead to a representation of the magn
structure in the magnetic space groupPm8mm. In the result-
ing magnetic structure model there are only three free par
eters, namely the absolute values of the magnetic mom
on the Er1, Er2b, and Er3b ions. The magnetic moments a
the Er2a and Er3a ions, which are located on two perpe
dicular mirror planes, are forced to be zero for symme
reasons, namely conflicting time reversal operations for
mirror planes.

Table I lists the measured intensities and the ones re
ing from the best fit of this magnetic structure model to t
data. An absorption correction has been included. The a
lute values of the ordered moments are determined by c
parison of the intensities of the magnetic with the nucl
Bragg reflections. The fit results in different absolute valu
for the magnetic moments on the three types of Er io
namely 9.0~2! mB for Er1, 1.4(2)mB for Er2b, and 2.0(2)mB
for Er3b. The resulting magnetic structure is shown in F
4. The small value of the entropyS at TN is most likely due
to the fact that the Er2b and Er3b have reduced moments
From Table I, one can see that the model describes the
very well, which gives us confidence that the above sim
fications are valid.

In the single-crystal diffraction experiment below 1.4
some weak additional reflections were observed, indicatin
second magnetic transition for which indications were fou
already in our measurements of the transport propertie
very low T.10 The new reflections are of type (h/4,k/4,0),
h,k 5 odd, indicating a superstructure with another doubl
of the magnetic unit cell. The new magnetic unit cell has
dimension 35.5335.534.2 Å . The intensities of these ne
reflections is found to be only a few percent of the origin
magnetic reflections of type (h/2,k/2,0). We also observe a
increase of the intensity of the (h/2,h/2,0) peaks. Due to the
weakness of the extra reflections the quantitative analys
difficult. We presume, however, that the superstructure
associated with an increase of the ordered moments a
Er2 and Er3 sites and a small modulation of the magnitud
the Er magnetic moments.
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Figure 5 displays the temperature dependence of
square root of the integrated intensity of the~3/2,3/2,0! line,
normalized to its value atT51.89 K. This reflects the
temperature-dependent behavior of the magnetically orde
moments and supports the hypothesis of a continuous p
transition at 2.8 K.

In these systems the magnetic ordering is determined
the localized 4f electrons of the magnetic rare-earth eleme
which, in first approximation, can be thought as free io
with a given valency. Moreover, charge-density distributio
surrounding thef electrons and affecting the orbital part o
their wave function, are responsible for the CEF whose sy
metry is determined by the lattice structure. The RKKY i
teraction generally supports long-range interaction betw
local moments, via conduction electrons. Polycrystall
sample studies2,3 disagree with the de Gennes scaling,11 sug-
gesting that the main interaction leading to the magnetism
these systems is not purely RKKY and it is modified by CE
which generally can enhance or even decrease theTN .12

However, the low value ofTN in Er5Ir4Si10 could also be
caused by the decrease in the conduction electrons dens
states due to the gap formation arising from CDW tran
tions. The fact that the Er31 moments are aligned along thec
axis is in agreement with the observation that such an al

FIG. 4. Magnetic unit cell. Only the Er atoms are shown, w
the new five inequivalent positions. The ordered moments are
ferent from site to site, and for symmetry reasons are zero on
Er2a and Er3a sites~see text!. For clarity, thec axis is expanded by
a factor of 2.
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ment is not found in the isostructural single-crys
Nd5Rh4Sn10,13,14 which does not exhibit any CDW trans
tion. Our striking observation is that the periodic lattice d
tortion caused by the CDW occurs along thec axis, most

FIG. 5. Temperature dependence of the square root of the
grated intensity of the~3/2, 3/2, 0! line, normalized to its value a
T51.89 K.
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probably along the Er1 chain, where the localized magn
moments have their saturation value.

In summary, our investigations of the low-temperatu
bulk properties (xdc, Cp and r) and of the magnetic struc
ture~via neutron scattering! on high quality single crystals o
Er5Ir4Si10, clearly demonstrate that the system undergoe
a continuous phase transition to a local-moment antife
magnetic structure below 2.8 K. The magnetic structure
such that CDW and local-moment magnetism may coe
along thec axis. We believe that Er5Ir4Si10 is the first system
where this behavior occurs and detail understanding of
interplay between these two collective phenomena requ
the determination of CEF levels and uniaxial pressure dep
dence of both CDW and antiferromagnetism.
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