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We have investigated the magnetic structure of a single crystal TbRu2Ge2 at low temper
atures, T<4.3 K, by pulsed neutron diffraction, and found out many magnetic satellites to
newly distribute at the positions formalistically expressed as ((2n-l-l)-l-(2m+l)T 1±t 0) and
(±r 2n-l-(2m-l-l)r 0), where n and m are integer and T='i/n, additionally to the fundamental
(r 0 0) and its odd harmonics observed below Tn=37K. FVom the observed satellites the mag
netic structure can be explained with a two-dimensionally squaxed-up wave niodel with stacking
of the ferromagnetic (2 0 0) plane along the o-axis as a sequence of o4444 • 4444, where o and •
denote a mixed plane containing Tb moments up, down and nonmagnetic, while '4' and '4' the
four successive ferromagnetic (2 0 0) planes with moments up and down, respectively.
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§1. Introduction

The ternary rare-earth compound TbRu2Ge2 crystal
lizes in the tetragonal ThCr2Si2-type structure (space
group: lA/mmm). Only Tb ions bear the magnetic
moment parallel or anti-parallel to the c-axis, and are
simply arranged in a body centered tetragonal lattice.
This compound shows a variety of interesting mag

netic properties: successive magnetic transitions and a
multi-step metamagnetic transition, which are caused
by a competition between crystalline electric field ef
fects and long-range RKKY exchange interaction
Magnetic measurements have revealed an existence of
three antiferromagnetic phases: (1) a high-temperature
phase at Tn=37 K>T>rt'=32 K, (2) an intermediate-
temperature phase at Tf > T> Tt=4.3 K, and (3) a low-
temperature phase at T< Tt. Shigeoka et al. have re
ported from neutron diffraction measurements that three
antiferromagnetic phases are based on a one-dimensional

spin configuration stacking ferromagnetic (10 0) planes
parallel and/or anti-parallel along the [1 0 0] direction,
described by a fundamental propagation vector Q={t 0
0) with r=0.235(=4/17), and the coexistence of sinu
soidal modulated structures with (0.235 0 0) and (0.247
0 0) is realized for the high-temperature phase. On the
other hand, for the low-temperature phase Gamier et al.

have reported, from the analysis of neutron diffraction
and magnetization measurements, that some of ferro
magnetic (1 0 0) planes become nonmagnetic with zero-
moment, so that a mixed phase occurs, where magnetic
and non-magnetic (10 0) planes coexist. They have pro
posed the sequence of Tb planes is 44044, where 'n' ('fi')
stands for n successive planes with moments up (down),
and 0 stands for a non-magnetic plane. However, their
neutron diffraction measurements were only on the high
symmetry line, i.e., scans of the type (1 k 0).

Recently Kawano et al.^^ have investigated the mag
netic structures of TbRu2Si2 which shows similar mag
netic behavior, to the present TbRu2Ge2, by neutron
diffraction, and revealed that the magnetic structure at
low temperatures below 5K, becomes a two-dimensional
modulation having many magnetic satellites on low-
symmetry lines as well as on high-symmetry lines in the
a*-b* reciprocal plane.
In the present note we will present the results of

puised-neutron diffracton of the TbRu2Ge2 single crys
tal, in particular for the low temperature phase.

§2. Exprimental

Puised-neutron diffraction measurements of the single
crystal TbRu2Ge2 were carried out using a four circle
neutron diffractomer for a single crystal (FOX) at the
Neutron Scattering Facilities of High Energy Accelera
tor Research Organization (KENS) at Tsukuba, Japan.
Since in the FOX system 36 ®He neutron detectors are
one-dimensionally arranged to form a countor bank, one
can measure Bragg reflections and/or diffuse scattering
widely distributed in a reciprocal plane efhciently and in
high signal-to-noise ratio at a time by using pulsed-white
neutrons without moving a sample and any counter.
The c-axis of the single crystal was vertically oriented,

i.e., only {h k 0)-type reflection data were collected for
the a*-b* reciprocal plane. The sample was mounted
in a liquid helium cryostat and cooled down to 1.7 K.

The present interest is concentrated on the low temper
ature phase for T< Tt=4.3 K. Therefore, the measure
ments were mainly performed at the temperature range
from 4.5 K to 1.7K.

§3. Results and Discussion

Figure 1 gives neutron diffraction patterns in the a*-b*
reciprocal plane at 4.5 K, just above Tt=4.3 K and at
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2.5 K, well below Tt. For the difFractin pattern at 4.5
K (lower figure of Fig. 1) magnetic satellites are mainly
observed on the high-symmetry [1 0 0], [2 0 0] and [0 0
1] lines. All of the magnetic satellites are indexed with a
propagation vector Q=(r 0 0) with r=0.235(=4/17) and
its odd harmonics. These results are fully consistent with
the previous ones.^^ On the other hand, the diffraction
pattern at 2.5 K (upper figure of Fig. 1) newly indicates
many satellites on the {h l±r 0) and (0±r k 0)(r =0.235)
lines, and their equivalent lines. Since r=0.235=4/17
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Fig. 1. The observed distribution of pulsed-neutron intensities in
the a*-b' reciprocal plane for the TbRu2Ge2 single crystal at
2.5 K (upper) and at 4.5 K (lower). New magnetic satellites on
the {h 1+T 0) and (0-|-t k 0) lines, where r=0.235, appear along
the lines indicated by the arrows A and B in the upper figure,
respectively. Two broad arcs in the figures are Debye-Scherrer
rings of scattering from an Al cryostat.

reflections can be expressed with the fundamental (r 0
0) wave and its odd harmonics. By the crystal symmetry
the [1 0 0] direction is equivalent with the [0 1 0] one, so
that the observed distribution of magnetic Bragg reflec
tions in the a*-b* reciprocal plane shows the existence of
these two domains.

On the other hand, for the low-temperature phase the
spin configuration would be given by modifying the mag
netic waves of the intermediate-temperature phase to

form a two-dimensional modulation. As shown in Fig.
2, magnetic intensities along the A, {h 1-t-r 0) and B, (r
k 0) lines of the upper figure in Fig. 1 can be indexed
with odd harmonics.

Figure 3 gives the temperature dependence of the mag
netic (r 5r 0) and (-l-l-5r 1-l-r 0) reflections. Both inten
sities disappear around 4 K, corresponding to Tf, with
increasing temperature. The observation of these mag
netic satellites on the low-symmetry lines is for the first
time in this material, but the appearance of the satellites
is very similar in TbRu2Si2.^^ Shigeoka et al.^^ have ob
served an anomaly in the temperature dependence of the
(1 l-3r 0) reflection; showing almost constant intensities
below Tt- Note that this magnetic reflection is on a high-
symmetry line. The anomaly comes from the appearance
of those new satellites on the low-symmetry lines, addi
tional to the satellites on the high-symmetry lines.
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Fig. 2. Pulsed-neutron diflfraction patterns along the {h l+r 0)
and (O+T k 0) lines with t=0.235, showing the arrows A and B
lines in the upper figure of Fig. 1. The peaks can be indexed
with higher odd harmonics such as {(2m-f l)-f (2n-l-l)r l+r 0)
for the line A and (r 2m+(2n+l)T 0) for the line B in Fig. 1.

for the intermediate-temperature phase, the spin config
uration can be expressed as a long period commensurate
structure, composed of the (1 0 0) ferromagnetic planes
with a sequence of 54444445 along the [1 0 0] direction.
For this spin structure the distribution of magnetic Bragg

With respect to the magnetic structure of the low-
temperature phase, basically it seems to be modu
lated from the (r 0 0) structure, because all the satel
lites observed at the low-temperature phase can be in-
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Fig. 3. Temperature dependence of the integrated intensities of
the magnetic (t 5r 0) and (-1+5t 1+t 0) reflections.

dexed with higher harmonics from the satellites at the
intermediate-temperature phase, as shown in Fig. 2.
The previously-proposed model^^ of the mixed phase for
the low-temperature phase can never explain the appear
ance of many satellites on the low-symmetry lines, be
cause the model is one-dimensional with Q={t 0 0).

Here, we will propose the following model for the mag
netic structure; the magnetic unit cell is 17axl7axc,
containing regularly arranged nonmagnetic Tb atoms, as
illustrated in Fig. 4. This (1 0 0) plane appears for every
17 layers. The plane contains Tb moments up, down and
non-magnetic, so that the plane is, in a sense, a defec
tive plane or a discommensuration, similar to a spin-slip
plane, which we have already met the helical phase in
Ho®' and the sinusoidal phase in Er.^' Hereafter we call
this plane the mixed plane because of the coexistence of
magnetic and non-magnetic Tb ions. The phase for this
mixed plane (the 0th (1 0 0) plane in Fig. 4) is shifted
by 7r for the next mixed plane (the 17th plane) along the
a-axis. Therefore, if a mixed plane and its 7r-shifted one,
are denoted by o and •, respectively, then the spin config
uration can be expressed as o4444 • 4444. Kawano®' has
already given similar phenomenological discussion of the
long period spin modulations in PrCo2Si2 and NdCo2Si2.
For the intermediate-temperature phase the spin config
uration is expressed as the sequence of 54444445, forming
a one-dimensional anti-phase structure along the a-axis.
This structure changes to o4444 • 4444 at low tempera
tures. The places of • and o are the positions of very
weak exchange interaction, i.e., the strongly frustrated
positions, because the plane corresponds to an anti-phase
boundary. In such planes non-magnetic Tb may occur.
Shigeoka et al.^^ have suggested that this non-magnetic
Tb arises from a singlet-ground state due to huge crys
talline electric field effects.

Thus, one-dimensional modulation of the intermediate
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Fig. 4. The proposed magnetic structure model of the low-
temperature phase for TbRu2Ge2. The open circles, solid cir
cles and open squares denote Tb moments up, down and non
magnetic, respectively.

temperature phase is additionally modulated by intro
duction of the mixed planes to become two-dimensional.
Because of tetragonality of the crystal structure, an
other domain with the same spin configuration exists
with Q=(0 r 0). Accordingly, the distribution of the
satellites reflects these two domains, giving the observed
pattern.

For this model a preliminary calculation can repro
duce the observed distribution of the satellites in the a*-
b* reciprocal plane. Since there are some difficulties in
the presice estimation of satellite intensities for pulsed-
neutron experiments, reactor-neutron experiments are
needed. The study along this way is now in progress.
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