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The zero-field magnetic structures of the rare-earth intermetallic compound TbNi2Ge2 have been determined
using conventional magnetic neutron diffraction and high-resolution x-ray resonant exchange scattering tech-
niques. There are two distinct magnetic phase transitions in this material: one is from the high-temperature
paramagnetic state to along periodantiferromagnetic phase at the Ne´el temperature (TN516.8 K), and the
other is at a lower temperature (Tt59.3 K), where the system locks into acommensuratephase. The structure
aboveTt is described by alongitudinal, amplitude modulated, sinusoidal wavewith propagation vectort1

'(000.75860.002) in reciprocal-lattice units~r.l.u.!. As the temperature is lowered belowTt , t1 locks at

(0 0 3
4 ) and additional magnetic Bragg reflections corresponding tot25( 1

2
1
2 0) and t35( 1

2
1
2

1
2 ) de-

velop. A weak modulationt185(0 0 1
4 ), related tot1 also appears indicating a squaring-up of the low-

temperature structure. In this equal moment structure all Tb moments have the saturation value ofms59.0

60.2mB . Both the phases are uniaxial with Tb moments parallel to theĉ axis of the tetragonal unit cell.
@S0163-1829~98!03638-8#
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I. INTRODUCTION

The ternary rare-earth intermetallic compounds with co
positionRT2X2 , whereR stands for a rare-earth element,T
represents a transition-metal ion, andX denotes Si or Ge
display a wide variety of magnetic phenomena.1,2 With the
general exception of theT5Mn compounds which exhibi
ferromagnetism, most of these materials, with mome
bearingR ions, show antiferromagnetic ordering at low tem
perature with virtually all of the magnetism associated w
the R ions. Since theR ions in these compounds are we
separated from each other, direct exchange is negligible.
to their metallic nature, however, the magnetic interact
between two such ions can take place via the polarizatio
the conduction band electrons as in the case of eleme
rare-earth metals. While this indirect exchange interact
~Ruderman-Kittel-Kasuya-Yosida, RKKY! is responsible for
the long-range magnetic ordering, anisotropy~uniaxial or
planar! is typically determined by crystalline electric fiel
~CEF! effects which play an important role in these com
pounds. In addition to paramagnetism and magnetic or
ing, intermetallics with Ce, Sm, Eu, and Yb also displ
correlated electron effects, some of which are manifeste
heavy fermion superconductivity.1

Among this vast class of compounds, theRNi2Ge2 family
of materials is of particular interest. Their magnetic prop
ties are similar to theRNi2Si2 series, which displays consid
erable magnetocrystalline anisotropy. Until recently, ho
ever, magnetization measurements of theRNi2Ge2
compounds have been carried out only on polycrystal
samples where the information about anisotropy was not
tainable due to powder averaging. The magnetic structure
some of the members of this family have been determi
PRB 580163-1829/98/58~13!/8522~12!/$15.00
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using neutron-diffraction techniques on powder samp
where the results, in some cases, are contradictory. Fo
stance, the magnetic structure of HoNi2Ge2 was reported3 to
be incommensurate belowTN ~6 K! with a modulation vector
of the form (0 0 tz) and moments in the tetragonal bas
plane~a flat spiral!, while another group4 found the modula-
tion to be of the form (tx ty tz) below a transition tempera
ture of 4.8 K with moments at an angle of 42° from th
unique tetragonal axis.

The need for systematic studies of single crystals se
clear in order to obtain a correct understanding of anisotr
and magnetic structures in theRNi2Ge2 materials. Single
crystals of all members of this family, except PmNi2Ge2 ,
have been grown at Ames Laboratory. Measurements
macroscopic properties, such as electrical resistivity a
magnetization, have been carried out on these single-cry
samples in order to characterize their anisotropic behavio
a function of a rare-earth element. These results will be p
lished elsewhere.5 As a part of this series-wide study, a d
tailed examination of the temperature- and field-depend
magnetic structures of a particularly interesting memb
TbNi2Ge2 , was initiated. In this paper we present the ze
field magnetic structures of this material. The correct de
mination of these structures will allow an examination of t
complex interplay between long-range magnetic order
local moment anisotropies as well as provide a starting p
for investigations of the field-induced structures discus
below.

II. PREVIOUS INVESTIGATIONS OF THE
MAGNETIC STRUCTURES

TbNi2Ge2 crystallizes in the body-centered tetragon
ThCr2Si2 structure~Fig. 1! with space groupI4/mmm(D4h

17)
8522 © 1998 The American Physical Society
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PRB 58 8523NEUTRON DIFFRACTION AND X-RAY RESONANT . . .
~see Ref. 6!. Wyckoff positions of Tb atoms are 2(a) with
point symmetryD4h whereas Ni atoms are at 4(d). Two Ge
atoms are positioned, one above and one below each
atom, at Wyckoff sites 4(e). In a conventional tetragona
unit cell the Tb atoms are located at the corners and b
center, while the Ni atoms are positioned on the cell fac
This layered structure can be visualized as Tb planes s
rated along theĉ axis by a network of Ni and Ge atoms
These atoms form a polyhedron surrounding each Tb a
located at the polyhedron center as depicted in Fig. 1.

Pinto et al. have studied a large number ofRT2X2 rare-
earth intermetallic ternaries, including TbNi2Ge2 , using neu-
tron diffraction from polycrystalline samples.3 In TbNi2Ge2
they observed two transitions, atTN516 K andTt59 K,
respectively. According to their work the structure belowTN
is incommensurate. However, a complete determination
the structures was not carried out.

Later, in a more detailed study, Boure´e-Vigneron7 also
found two transitions, atTN517 K and Tt510.25 K, re-
spectively. According to this study the magnetic structure
both the phases arecommensuratewith Tb moments aligned
with the ĉ axis. The higher temperature structure is anam-
plitude modulated~AM ! logitudinal sine wavewith wave

vector (0 0 3
4 ) ~Ref. 8! in reciprocal-lattice units~r.l.u.!.

Below Tt , additional satellite peaks corresponding

(0 0 1
4 ) related to (0 0 3

4 ) and a new wave vecto

( 1
2

1
2

1
2 ) also develop. In this phase, the (0 034 ) structure

is a partially squared-up AM, similar to that aboveTt . In
addition, there are antiferromagnetically ordered Tb pla

which account for the (12
1
2

1
2 ) modulation. A complete

magnetic unit cell of the model structure for this phase is

FIG. 1. A conventional unit cell of TbNi2Ge2 crystal. The large
black circles denote Tb atoms, the small shaded circles represe
atoms, and the white circles stand for Ge atoms.
Tb

y
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given in Ref. 7. Refinement of this model, however, leads
values of the Tb31 moment up to 12.4560.35mB at some
sites, which is 40% larger than the saturated value of 9.0mB
expected for the ionic moment.

Although it is possible to have an excess moment ass
ated with the spin polarization of the conduction-ba
electrons,9 such a large enhancement of the moment is s
prising. To illustrate the magnitude of the polarization co
tribution, we consider the isostructural GdRh2Si2 compound
where the enhancement is solely due to exchange inte
tions since the Gd31 ground state (8S7/2) is unaffected by
CEF effects. In this case the polarization of the 5d conduc-
tion band contributes a maximum of 0.2860.03mB in excess
of the Gd moment.10

III. CRYSTAL GROWTH AND MAGNETIZATION

The single crystals of TbNi2Ge2 used for our studies were
grown at Ames Laboratory using a high-temperature fl
growth technique.11 These crystals have a platelike hab
with the flat face perpendicular to the crystallographicĉ axis.
To detect the presence of any other phases, single cry
were pulverized and an x-ray powder-diffraction pattern w
taken at room temperature, confirming the structure to be
ThCr2Si2 type with unit cell parametersa andc of 4.047 and
9.785 Å, respectively. No other phases were observed wi
the detectability limit (&5%) of our measurements. Thi
material was then characterized by anisotropic magnetiza
measurements using a Quantum Design MPMS-5 super
ducting quantum interference device magnetometer wh
provides a temperature range of 1.8–350 K and a magn
field up to 55 kG.

The temperature dependence of the low-field suscept
ity @x(T)# with applied field parallel (Hi ĉ) and perpendicu-
lar (H' ĉ) to theĉ axis was found to be strongly anisotropi
From cusps in the susceptibility two transitions were iden
fied which are indicated in Fig. 2~a!. The paramagnetic to
antiferromagnetic transition occurs at 16.7 KT(N). The sec-
ond transition is at a lower temperature of 9.6 K (Tt). These
transition temperatures are consistent with previously p
lished results.3,7

Perhaps the most interesting behavior was found in
magnetization@M (H)# as a function of field applied along
the ĉ axis at 2 K@Fig. 2~b!#. As the field was increased from
zero to its maximum value, a sequence of well-defined st
appeared. Up to 55 kG, five distinct transitions were o
served~at 14, 18.1, 29, 35, and 45.8 kG, respectively!. When
the magnetization data was normalized to magnetic mom
per Tb31 ion, the sequence of magnetization values in
metamagnetic phases was approximately1

8 , 1
5 , 3

10 , 1
2 , and 3

5

of the saturation moment of 9.0mB . In Ref. 5 we find a
transition to a seventh phase at 59 kG with 9.0mB per Tb31

which persists up to the maximum attainable field of 180 k
Also, M (H) is hysteretic and on field ramping down from
the maximum value we find two more states, giving up
nine well-defined phases. When the applied field was in
basal plane, however, magnetization did not exhibit any tr
sitions.

This anisotropic behavior is similar to that observed in t
isostructural TbNi2Si2 compound12,13 which is a likely can-

Ni
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8524 PRB 58ZAHIRUL ISLAM et al.
didate for a physical system exhibiting ‘‘devil’s staircase’’14

type behavior. In zero field, TbNi2Si2 is an incommensurate
AM antiferromagnet below 15 K. At about 9 K, the structu
locks into acommensurate equal moment~EM! phase~see
Refs. 12,13, and references therein!. In both the phases Tb

moments are aligned with theĉ axis. The most striking be
havior was found12 at 1.3 K, where five metamagnetic tra

sitions were seen in an external field applied along theĉ axis,
although these transitions were not as clearly resolved a
Fig. 2~b!, suggesting that TbNi2Ge2 is a better candidate fo
study. Neutron diffraction on a single crystal of TbNi2Si2 in
a field revealed a rich phase diagram.13 Among various
phases, a field-induced transition into an AM structure fr
an EM phase was reported. Based on the similar magn
properties and the isostructural relationship we expect a
magnetic phase diagram for TbNi2Ge2 as well. Differences
are likely to arise, however, due to the change in the en
ronment of the Tb atoms brought about by Ge substitut
for Si and by the different lattice parameters, since the os
latory exchange interactions are very sensitive to magn
ion-ion separation. Also, the number and clarity of sta
make TbNi2Ge2 an ideal system to study metamagne
structures. But first it is vital to have a clear understanding
the zero-field structures. This is the focus of the rest of t
paper.

FIG. 2. ~a! Susceptibility as a function of temperature at 1 k
and ~b! magnetization as a function of field at 2 K of TbNi2Ge2

single crystal.
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IV. MAGNETIC NEUTRON DIFFRACTION
FROM A SINGLE CRYSTAL

The neutron-scattering measurements on a single cry
of TbNi2Ge2 were carried out at the H4M spectrometer
High Flux Beam Reactor~HFBR! at Brookhaven Nationa
Laboratory. Neutrons with energies of 14.7 and 30.5 m
were used. Most of the work was carried out at 30.5 m
with collimator settings of 408240824082408. A pyrolytic
graphite filter was placed after the sample to eliminate s
ond harmonic (l/2) contamination of the beam. The large
crystal ~166 mg! of the same batch as that used for the s
ceptibility measurements was chosen. No special prepara
of the sample was necessary.

The single crystal was aligned with the@h h l# zone in
the scattering plane in order to identify all modulation ve
tors unambiguosly. At 20 K, aboveTN as determined from
the susceptibility data, scans along various symmetry dir
tions in this zone showed only nuclear peaks consistent w
body-centered crystal structure~i.e.,h1k1 l 52n wheren is
an integer!. BelowTN but aboveTt , magnetic satellite peak

(h h 0)6t1 wheret15(0 0 3
4 ) developed. The absenc

of any magnetic peaks of the form (0 0l )6t1 indicates

that the ordered moment direction is along theĉ axis.
At 4.7 K, below the second transition atTt as determined

from the susceptibility data, additional superlattice peaks

sociated with t25( 1
2

1
2 0) and t35( 1

2
1
2

1
2 ) were ob-

served. A weak modulation,t185(0 0 1
4 ), related tot1 also

developed indicating a squaring-up of the structure. No ot
modulations in this zone were found. Again, the absence
t1 and t18 magnetic satellites of (0 0l ) nuclear peaks im-
plied that the ordered moments associated with these m
lations are aligned with theĉ axis. However, there remain
the possibility of a component of the ordered moments in
basal plane associated witht2 andt3 modulations which we
will discuss below.

The integrated intensities~order parameters! of various
magnetic Bragg peaks corresponding to (1 1 0)1t1 ,
(0 0 0)1t2 and (0 0 0)1t3 are shown in Fig. 3 as a
function of temperature. For comparison the integrated int
stiy of the ~1 1 2! nuclear peak is also shown which has
significant variation as the temperature is changed. The
tensity of thet1 satellite increases from zero atTN and
shows a marked discontinuity in its slope atTt . Simulta-
neously, magnetic peaks corresponding tot2 and t3 appear
at Tt . These show very similar dependence on temperat
suggesting that they most likely originate from the same f
tures of the structure. The transition temperatures obtai
by modeling the magnetic order parameters by Brillouin-ty
functions @BJ56(uT2Tcu), whereTc is the transition tem-
perature, see Fig. 3# are TN516.860.2 K and Tt59.8
60.3 K, respectively, in close agreement with those de
mined by susceptibility measurements. We note the la
enhancement of the integrated intensity of thet1 satellite
below Tt .

Assuming a common origin for the symmetry inequiv
lent modulationst2 and t3 , as suggested by the orde
parameter measurements, we can compare the intensiti
some satellites corresponding to these wave vectors to i
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the ordered moment direction associated with them. We
that the intensities of these noncollinear Bragg peaks fell
as I (3/2 3/2 0).I (3/2 3/2 1/2).I (3/2 3/2 3/2) at a faster rate than
the decrease that would be expected from the change in
magnetic form factor of Tb31. This behavior, combined with
the large anisotropy in the susceptibility and the lo
temperature magnetization measurements, suggests tha
direction of ordered moments associated with these mod
tions in the low-temperature phase is also along theĉ axis.

The temperature dependence of the weakt18 satellite is
shown in Fig. 4. We see that the intensity of this satel

FIG. 3. Temperature dependence of various magnetic reflect
measured by neutron diffraction (Eneutron514.7 meV) on a single
crystal. Data were collected on raising the temperature.

FIG. 4. Temperature dependence of (1 1 0)1t1 and
(1 1 2)2t18 as measured by neutron diffraction (Eneutron

530.5 meV) on a single crystal. Both the scales correspond to
same arbitrary unit. Data were collected on raising the tempera
d
ff

he
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the
a-

drops off at a much faster rate with temperature and beco
negligibly small aboveTt . At the lowest temperature of 4.
K, the ratio I(0 0 1/4)/I(0 0 3/4)'1/10 which should be com

pared with (13 )2 expected for the ratio of the third order an
the fundamental components of a perfect square wave.

The data can be summarized as follows: belowTt , there
are three magnetic modulation vectors, namely,t1

5(0 0 3
4 ), t25( 1

2
1
2 0) and t35( 1

2
1
2

1
2 ). The weak

modulationt185(0 0 1
4 ) is found to be the third harmonic

of t1 . For Tt,T,TN , however, there is only one propag
tion vector,t1 . Although t2 andt3 are not related by sym
metry, similarities in temperature dependence of their in
grated intensities suggests a common origin. Sincet2 is a
high-symmetry point of the Brillouin zone, we believe th
thet3 modulation is likely to be a consequence oft2 . On the
other hand, thet1 modulation is independent and is the on
ordering vector in the rangeTt,T,TN . In both the phases
the ordered moments are parallel to theĉ axis.

V. X-RAY RESONANT EXCHANGE SCATTERING

In order to take advantage of the higherQ resolution
available with x-ray scattering techniques, and to further t
the x-ray resonant exchange scattering~XRES! cross section
used to determine moment directions in magne
compounds,15,16 we have studied a single-crystal sample
TbNi2Ge2 by XRES. In recent experiments this techniq
has been successfully used to determine moment direct
in the Gd, Nd, and Sm members of theRNi2B2C interme-
tallic compounds.17,18

These studies were performed on the X22C beamline
the National Synchrotron Light Source. This beamline u
lizes a Ni-coated toroidal mirror to focus the x-ray beam
the sample position and reject higher harmonics in the in
dent beam. The incident energy was selected using a do
bounce Ge~111! monochromator with an energy resolutio
of approximately 10 eV. The focused monochromatic be
at the sample position had a spot size of approxima
1 mm31 mm. In this configuration the flux was approx
mately 1011 photons/s at 8 KeV.

For the XRES experiment, a platelet of the TbNi2Ge2
crystal, from the same batch as that used for neutr
diffraction measurements, was mechanically polished p
pendicular to theĉ axis to eliminate surface contaminatio
from the residual flux and to increase the reflectivity. T
sample was cut perpendicular to theâ axis to have the final
shape of a long narrow rectangular block with approxim
dimensions of 5.031.030.5 mm3. This shape allowed
Bragg peaks in the@h 0 l # zone to be conveniently studied
The narrow profile also ensured that the sample was c
pletely bathed in the incident beam at all angles. The cry
was sealed inside a Be can filled with He gas and cooled
closed cycle Heliplex-4 cryostat with a base temperature
3.7 K. Integrated intensities were measured using a liqu
nitrogen cooled Ge solid-state detector. The sample mo
at ~0 0 6! was approximately 0.05°.

In order to use the resonant enhancement of the magn
peaks, the primary beam energy was tuned to theL III absorp-
tion edge of Tb where resonant enhancement is expecte
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8526 PRB 58ZAHIRUL ISLAM et al.
be the largest.15,19,20AboveTN , only charge peaks consiste
with the body-centered-tetragonal structure were obser
Below Tt , careful scans along@0 0 1# direction revealed
superlattice peaks corresponding tot1 and t18 as was found
in neutron-diffraction measurements. ForTt,T,TN , how-
ever, thet18 satellite disappeared andt1 was observed to shif
toward ~0 0 0.758! @see Fig. 8~a!#. We will discuss this be-
havior in detail shortly.

Energy scans of thet1 magnetic peaks were take
through theL III absorption edge to observe the resonant
hancement and to confirm the magnetic nature of these
ellites. These scans of the (0 0 8)1 ~superscript ‘‘1’’ de-
notes at1 satellite! magnetic satellite and the~0 0 4! charge
Bragg peak are shown in Figs. 5~a! and 5~b!, respectively.
The inflection point of the fluorescence yield@shown in Fig.
5~c!# was used to define the absorption edge (EL III

) . A large

resonant enhancement of the intensity~a factor of'55 rela-
tive to the intensity at 25 eV below the edge! was seen a few
eV above the edge, which is the signature of electric dip
(E1) resonance involving electronic transitions, 2p3/2↔5d.
Similar resonant enhancement was also observed~a factor of
'26 in this case! in the vicinity of theL II edge. Due to the
larger enhancement at theL III edge, however, XRES mea
surements described below were taken at the resonant en
@dashed line atEres in Fig. 5~a!# above this edge. Polariza
tion analysis of magnetic scattering was not performed.

Longitudinal scans of (0 0 10)1 magnetic satellite a
selected temperatures are shown in Fig. 6. The most not
feature in these measurements is the shift of the peak p
tion to higherQ value as the temperature increases, sugg
ing a change in the modulation vector. Since the lattice
rameterc does not change appreciably with temperature~see
Fig. 7! this shift reflects a change int1 .

The Bragg peak intensities (I Max ), widths ~half width at
half maximum, HWHM! and the modulation vectors ob
tained as a function of temperature are shown in Fig. 8.
main result of our XRES measurements is the tempera
dependence of thet15(0 0 tz) propagation vector@Fig.

8~a!#. Below Tt , it remains locked at (0 03
4 ) as was found

in neutron measurement. However, aboveTt it changes to
(000.75860.002), within a temperature inteval of 0.25 K
The neutron-diffraction measurements were not able to
solve this steplike feature. In the temperature rangeTt,T
,TN , the modulation vectort1 remains nearly constan
within the error bars making it difficult to say whether th
structure ishigher-order commensurateor incommensurate.

As shown in Figs. 8~b! and 8~c! both I Max and HWHM
show a discontinuity at the second phase transition fr
which Tt is found to be 9.360.2 K. It is surprising, how-
ever, that the magnetic peak broadens, corresponding
reduced correlation length, at the transition to a commen
rate phase. The measured longitudinal linewidth of the~0 0
6! charge peak is60.0038 r.l.u. and is indicated by th
dotted-dashed line in Fig. 8~c! for comparison. The rocking
curve width of the (0 0 8)2 satellite~not shown! is equal
to the sample mosaic at~0 0 6!, both of which are indepen
dent of temperature. We can compare the magnetic corr
tion lengths of the ordered phases by assuming that they
given simply by the inverse of the peak width~HWHM! in
Å21 corrected for the instrumental resolution. Since the
d.
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strumentalq resolution was not measured we assume tha
is the same as the charge peak linewidth. At 3.7 K, in
commensurate phase, the magnetic correlation length is
600 Å whereas at 9.75 K, in the higher temperature phas
is on the order of 1200 Å.

The integrated intensity (I ) of the (0 0 10)1 satellite
peak is shown in Fig. 8~d! as a function of temperature
complementing similar measurements by neutron diffracti
The Néel temperature (TN) determined by modeling the tem

FIG. 5. Energy scans through theL III edge of Tb at T
53.7 K. ~a! (0 0 8)1 magnetic satellite peak,~b! ~0 0 4! charge
Bragg peak, and~c! fluorescence yield used to define the absorpt
edge. Solid line in~a! is a Lorentzian squared fit used to obtain t
resonant energy.
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perature dependence with a Brillouin function@BJ56(uT
2TNu)# is 16.860.2 K. As was true for the order param
eters measured by neutrons, there is a break in slope aTt
and the intensity is significantly enhanced at low tempe
ture.

The directions of the ordered Tb moments were also
termined by XRES from theQ dependence of the integrate

FIG. 6. Longitudinal scans of the (0 0 10)1 magnetic satellite
peak at selected temperatures. Note the shift of the peak positio
higherQ as the temperature is raised aboveTt . Solid lines are fits
to Lorentzian squared line profiles used to extractI Max’s, HWHM’s,
and peak positions. 1 r.l.u.50.6424 Å21.

FIG. 7. Temperature dependence of thec lattice parameter as
obtained from the~0 0 6! charge Bragg reflection in XRES mea
surements. Also shown is the lattice parametera obtained from
~2 2 0! reflection in neutron-diffraction measurements on a sin
crystal.
-

-

intensities of a series of magnetic satellites. Figure 9 sho
the Q dependence measured in the symmetric scattering
ometry at 3.7 and 12 K for magnetic satellites of the fo
(0 0 l )6 (6 denotes at1 satellite! along with model cal-

to

e

FIG. 8. Temperature dependence of~a! the modulation vector,
t15(0 0 tz); ~b! Bragg peak intensity,I Max ; ~c! width, HWHM,
and~d! the order parameter,I . The horizontal dotted-dashed line i
~c! shows the position of the assumed instrumentalq resolution.
Data were collected on raising the temperature.
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8528 PRB 58ZAHIRUL ISLAM et al.
culations. For the electric dipole (E1) resonance the inte
grated intensity of a magnetic Bragg peak (h k l) is given
by ~ignoring the Debye-Waller factor!:16–18

I hkl
XRES}

sin~uB!

2m sin~2uB!
uk̂8• ẑnu2• ~5.1!

The Lorentz velocity factor, 1/sin(2uB), and the angular fac
tors to account for the absorption and for the fraction of
beam intercepted by the sample are also included.k̂8 is the
direction of the scattered beam,m is the linear absorption
coefficient at a given energy, andẑn is the direction of the
magnetic moment (^mn&) at thenth site. The only adjustable
parameter in the calculations is an arbitrary scale factor.
shown in Figs. 9~b! and 9~c!, a model with the Tb moment
in the basal plane results in aQ dependence manifestly i
disagreement with the data, while for moments along thĉ
axis theQ dependence at both the temperature can be m
eled quite well. We point out, however, that the XRES d
is insensitive to variations of the tilt angle (b) of the mo-
ments away from theĉ axis by about;5° @see the dashed
line in Figs. 9~b! and 9~c!#.

In summary, the principal finding of XRES experiment
the temperature dependence oft1 , which moves to

FIG. 9. Q dependence of the integrated intensities of magn
Bragg peaks of the form (0 0l )6 at ~b! 3.7 K and ~c! 12 K,
respectively. Measured intensities are shown in filled circles. S

line is for a model with Tb momentsi ĉ axis (b50), dotted-dashed

line is for moments' ĉ axis (b590°), and the dashed line is fo
b55°. Scattering geometry is shown in panel~a!.
e

s

d-
a

'(0 0 0.758) atTt , and remains nearly constant abo

this transition. BelowTt , t1 is locked at (0 0 3
4 ). Also, we

have seen a surprising broadening of the magnetic peak,
responding to a reduced magnetic coherence length, a
phase transition from the higher temperature phase to
commensurate structure. In addition, we have used this t
nique to confirm the uniaxial ordering with the Tb momen
parallel to theĉ axis in both the ordered phases in agreem
with the neutron-diffraction measurements.

VI. NEUTRON DIFFRACTION FROM POWDER

With the propagation vectors and the moment direct
known from neutron, XRES and magnetization measu
ments on single-crystal samples, we used powder neut
diffraction data to accurately determine the value of the
dered moments in order to eliminate uncertainities fro
single-crystal samples related to crystal shape and extinc
effects. The procedure used and the assumptions mad
the powder pattern calculations are briefly explained in
Appendix.

Polycrystalline samples for neutron-diffraction measu
ments were synthesized by arc-melting the stoichiome
mixture of the respective elements in an argon atmosph
and were subsequently annealed. The phase purity of
sample was verified by an x-ray powder-diffraction patte
Susceptibility measured on this powder showed the N´el
transition at the expected temperature ensuring that the m
netic ordering was not destroyed by strain during the gri
ing process although the transition atTt was not clearly dis-
cernible. Neutron-diffraction measurements on this sam
were performed at the high-resolution neutron powder d
fractometer located at the HFBR. Neutrons with wavelen
of 1.8857 Å were used. The sample was sealed in a cylin
cal vanadium container of diameter 0.9 cm and cooled ins
a pumped He cryostat. Diffraction patterns were collected
several temperatures over the angular range 0° –155° inu
with a step size of 0.05°. The zero of 2u is defined within
60.05°.

The neutron-diffraction patterns at three different te
peratures for a selected range of angles are shown in Fig
At 20 K, well above the transition temperature, only nucle
Bragg peaks corresponding to body-centered-tetragonal c
tal structure were observed. Figure 10~a! shows a few such
low angle nuclear peaks. A conventional unit cell was us
to index these peaks witha54.04 andc59.784 Å, consis-
tent with the lattice parameters determined from the sing
crystal samples. In addition to sharp peaks, magnetic diff
scattering is also seen at low angle region.

The calculated powder pattern at 20 K for the nucle
peaks, based upon published6 structure for TbNi2Ge2 and the
above lattice parameters, was found to be in very go
agreement with the observed intensities, confirming the lo
temperature crystal structure to be of ThCr2Si2 type. The
overall indexR-Bragg21 was 7%. The scale factor~see the
Appendix! thus found is used in the model calculations f
the magnetic peaks in order to put them on an absolute s
with the nuclear peaks.

AboveTt , but belowTN , all of the magnetic peaks in th
pattern @Fig. 10~b!# can be indexed using onlyt1

ic

id
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5(0 0 0.758)modulation~see Table I!. The small peak
at the position of~0 0 2! is an artifact of the subtraction
method, as are the ‘‘negative’’ peaks. As expected, thet1
satellites of (0 0 l ) nuclear peaks are absent due to the f
that the moment direction is parallel to theĉ axis in both
magnetic phases. All of the superlattice peaks in the pow
neutron-diffraction pattern at 4 K can be indexed@Fig. 10~c!

FIG. 10. Neutron-diffraction patterns from polycrystallin
TbNi2Ge2 sample at~a! 4 K, ~b! 12 K, and~c! 20 K. Diffraction
pattern at 20 K was subtracted from those at 4 K and 12 K in order
to identify the magnetic peaks. These are shown in~a! and ~b!.
Indices of some of the weak peaks in~a! are not shown.

TABLE I. Observed and calculated intensities of selected m
netic Bragg reflections of TbNi2Ge2 at T512 K. Superscript
1/2 in the second column stands for at1 satellite. Calculations of
R-Bragg included more reflections not listed in the table.

No. (hkl) Q(Å21) I Obs I Cal I (00
3
4 )

1 (1 0 1)2 1.5630 454614 415617 414617
2 (1 0 1)1 1.9218 18366 17167 17267
3 (1 0 3)2 2.1194 12464 11265 11065
4 (1 1 0)1 2.2527 18166 16866 16966
5 (1 1 2)2 2.3396 20066 14366 14266
6 (1 1 2)1 2.8239 6462 6063 6063
7 (1 0 3)1 2.8711 3262 2863 2863
8 (1 1 4)2 3.0286 4162 4363 4363
9 (2 0 2)2 3.2111 7763 6563 6463
10 (1 2 1)2 3.4811 12064 10865 10865

Magnetic R-Bragg5 9.3%
Overall R-Bragg5 7.3%
t

er

and column (h k l)c6tmag of Table II# using the wave vec-
tors found in the measurements on single-crystal samp
This indicates that there are no additional modulations in
phase.

Below Tt , a magnetic unit cell of the commensura
structure can be constructed by doubling the chemical
cell along the~1 1 0! direction, implied byt2 , and stacking
four such groups of unit cells along~0 0 1! direction, implied
by t1 . All magnetic peaks can also be indexed with resp
to this supercell.22 These indices are shown in the seco
column of Table II@column (h k l)m].

The temperature dependence of (1
2

1
2 0), (1

2
1
2

1
2 ),

(0 0 10)1 and peaks of the form (1 1l )6 was measured
on the single-crystal sample. In Fig. 11 we plot the integra
intensity of the (1 0 1)2 satellite peak as measured on t
powder sample to obtain a unified picture. As was the c
previously, the temperature dependence belowTN can also
be modeled by a Brillouin function which yields a Ne´el tem-
perature of 16.860.3 K. Although there is a large enhanc
ment of the intensity belowTt , the break in slope at this
transition is less discernible than in the former cases.

The order parameter associated witht1 , as observed a
(0 0 10)1 ~Fig. 8!, (1 1 0)1 ~Fig. 3!, and (1 0 1)2

~Fig. 11!, respectively, has a marked discontinuity of t
slope atTt and a large increase of the low-temperature
tensity relative to that above this transition. These can
explained as consequences of the Tb moments acquiring
full saturation value of 9.0mB below Tt from an AM phase
above this temperature. If the structure remained AM bel
Tt a smoothly varying order parameter would be expecte

A. Amplitude modulated phase„Tt<T<TN…

In this phase all the ordered moments in a given Tb pla
~j! have the same magnitude and direction while they v
sinusoidally from plane to plane according to

^mj&5mscos~2pt1•r j1f!ĉ, ~6.1!

wherems is the saturation moment (9.0mB) of Tb31, r j is in
units of lattice parameterc, andf is an arbitrary phase fac
tor. For intensity calculationst1 was approximated by

(0 0 25
33 ) andf50 was used. We have assumed zero m

netic moments for the Ni atoms. The calculated intensit
(I Cal ) for this model agree quite well with the observed on
(I Obs) as shown in Table I. For comparison, we have list
some of the calculated intensities for an AM model witht1

5(0 0 3
4 ) ~column headedI (0 0 3/4)) which is the model

proposed in a previous experiment.7 Although the agreemen
between this model and the powder pattern is as good a
our model’s case the modulation vector is not correct
known from the XRES measurements.

B. Equal moment commensurate phase„T<Tt…

The model for the low-temperature ordered phase
shown in Fig. 12. As in the AM phase, we have assum
zero magnetic moments for the Ni atoms. As can be se
while the ferromagnetic planes~such as 0–2 and 4–6! ac-
count fort1 andt18 , the antiferromagnetic planes~3 and 7!
give rise tot2 and t3 superlattice peaks. It is evident from

-
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TABLE II. Observed and calculated intensities of selected magnetic Bragg reflections of TbNi2Ge2 at
T54 K. Indices in the second and the third columns refer to the magnetic and chemical unit cell, r
tively. The intensities in the case of overlapping peaks are given in the row for the strongest peak
group. Calculations ofR-Bragg included more reflections not listed in the table.

No. (h k l)m (h k l)c 6tmag Q (Å21) I Obs I Cal

1 ~1 1 0! (0 0 0)1t2

~1 1 2! (0 0 0)1t3 1.1456 29369 303612
2 ~1 1 6! (0 0 2)2t3 1.4620 6863 6964
3 ~2 0 1! (1 0 1)2t1 1.5635 619618 602624
4 ~2 0 7! (1 0 1)1t1 1.9188 298612 270612
5 ~2 0 9! (1 0 3)2t1 2.1229 17267 15966
6 ~2 2 3! (1 1 0)1t1 2.2516 23968 245610
7 ~2 2 5! (1 1 2)2t1 2.3414 27769 21069

~2 0 11! (1 0 3)2t18
8 ~2 2 9! (1 1 2)1t18

~3 1 3! (1 0 1)1t3 2.6410 6563 5563
9 ~1 1 16! (0 0 4)1t2

~5 1 8! (2 0 2)1t2

~2 2 11! (1 1 2)1t1 2.8207 17765 17267
~2 0 15! (1 0 3)1t1

10 ~2 2 13! (1 1 4)2t1 3.0321 5762 6263
11 ~4 0 5! (2 0 2)2t1 3.2124 8763 9564
12 ~2 4 1! (1 2 1)2t1 3.4813 15065 16467
13 ~2 4 7! (1 2 1)1t1 3.6547 12164 13465

~3 3 10! (1 1 2)1t3

14 ~5 1 8! (2 0 2)1t2 4.1679 2162 1962
~3 3 16! (1 1 4)1t2

15 ~2 4 15! (1 2 3)1t1 4.2301 7563 5963
16 ~4 4 5! (2 2 2)2t1 4.4715 3162 3662
17 ~6 0 1! (3 0 1)2t1 4.6685 3162 3262

Magnetic R-Bragg5 8.7%
Overall R-Bragg5 6.8%
fo

ta

y
.

nal

t

Table II that the calculated intensities (I Cal ) according to this
model agree very well with the observations. The value
the Tb ordered moment was found to be 9.060.2mB which is
the expected saturation value of the Hund’s rule ground s
(7F6) of Tb31.

FIG. 11. Temperature dependence of the integrated intensit
(101)2 magnetic peak measured by powder neutron diffraction
r

te

of

FIG. 12. The magnetic structure of TbNi2Ge2 at 4 K. One mag-
netic unit cell is shown. The dashed lines indicate a conventio
unit cell.↑(↓) represents magnetic moment of Tb~depicted by solid

circles! ‘‘up’’ ~‘‘down’’ ! along theĉ axis. Ni and Ge atoms are no
shown. Planes are numbered for reference.
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We have also considered the possibility of induced m
ments (< 1

2 mB) at the Ni sites which are ferromagnetical
coupled to the Tb moments assuming only the nearest Tb
pair interaction to be dominant. In this scheme induced m
ments can exist only on the Ni sites between planes suc
2 and 3 in Fig. 12. At all other Ni planes the exchange fi
vanishes by symmetry. The calculated intensities, howe
were insensitive to the value of induced moment up to 0.3mB
and produced equally good fits. Above this value they d
agreed with the observed ones. Thus, we place an u
bound of 0.3mB for an induced moment at the allowed N
sites.

VII. DISCUSSION

We have determined the zero-field magnetic structure
TbNi2Ge2 using neutron diffraction and XRES measur
ments. In the low-temperature (T,Tt) phase, propagation

vectors t15(0 0 3
4 ) @along with the third harmonict18

5(0 0 1
4 )], t25( 1

2
1
2 0) and t35( 1

2
1
2

1
2 ) were identi-

fied by neutron diffraction on a single crystal. The sub
change of the wave vectort1 to ~0 0 0.758! at Tt which was
not detected in the earlier work7 was resolved using the
high-Q resolution of XRES. AboveTt it was difficult to
determine whether the structure washigher-order commen-
surate or incommensurate. According to our model, the
phase transition atTt is from an EMcommensuratephase
(T,Tt) ~Fig. 12! to an AM long periodantiferrromagnetic
structure (Tt,T,TN). From powder neutron-diffraction
measurements, the magnitude of the Tb ordered mome
the EM phase was found to be 9.060.2mB . In the earlier
work7 the low-temperature phase was found to be AM.
both the phases the ordered moments of Tb were found t
parallel to theĉ axis. In addition, we have placed an upp
bound of 0.3mB for any induced moments at Ni sites.23

An ordering vector of the form (0 0tz) below TN is
common to several members ofRNi2Ge2 family such as the
Nd, Eu, Gd, Dy, Er, and Tm compounds. The modulat
vectors reported for these materials below their respec
ordering temperature (TN) are ~0 0 0.805!,24 ~0 0 1!,25

(0 0'0.79),25 (0 0'0.75),26 ~0 0 0.757!,4 and
~0 0 0.7854!,27 respectively. The propagation vectort1 found
in TbNi2Ge2 below TN is consistent with this. We specula
that a ‘‘nesting’’ feature of the respective Fermi surfaces
these metallic systems at these wave vectors is respon
for the onset of magnetic ordering. Electronic band theo
ical calculations to detect this feature are planned.

The low-temperature EM phase is an antiphase dom
structure consisting of triplets of antiferromagnetica
coupled ferromagnetic Tb planes~0–2 and 4–6 in Fig. 12!
separated by planes ordered antiferromagnetically~3 and 7!.
The formation of triplets can be explained by a ferroma
netic coupling within the plane and two dominant interplan
coupling constants, nearest-neighbor antiferromagnetic,
next-nearest-neighbor ferromagnetic interactions. Since

modulation vector is (0 03
4 ) two such neighboring triplets

have opposite phases. Due to the antiferromagnetic coup
between the nearest-neighbor planes the moments on p
such as 3 and 7 are ‘‘frustated’’ which can lead to antifer
-

Ni
-
as

r,

-
er

of

in

be

e

ble
t-

in

-
r
nd
he

ng
nes
-

magnetic ordering in these planes. In the pure AM ph
aboveTt this frustation is absent. Due to the presence of t
‘‘frustation’’ in the EM phase it is conceivable that the ma
netic structure could break up into smaller domains co
pared to the domain sizes in the AM phase. This reduces
magnetic coherence length belowTt and can give rise to the
magnetic peak broadening as was observed@Fig. 8~c!# in
XRES measurements.

Although the mechanism driving the lock-in transition
Tt is not clear, it is interesting to consider a simple pheno
enological model introduced by Elliot28,29 which seems to
account for the observed magnetic behavior of TbNi2Ge2 . In
his mean-field theory of an Ising model with a ferromagne
in-plane coupling and interactions only between nearest-
next-nearest-neighbor planes, he shows that an AM struc
is stable at finite temperature below the highest ordering t
perature (TN). This is because the free energy (F5U
2TS) is lower due to higher entropy of the sinusoidal a
rangement relative to that of an EM phase. As the tempe
ture is lowered the entropic term decreases30 and the stable
structure is that which minimizes the internal energy,U. As
a consequence, in this model, the modulated struc
squares up and possibly changes into an antiphase do
structure at a temperature slightly above1

2 TN where the mo-
ment saturates.28,31This general behavior is observed in bo
TbNi2Ge2 and TbNi2Si2 where the AM to an EM phase tran
sition takes place atTt;0.55TN and Tt;0.6TN , respec-
tively. According to this theory the magnetic specific he
(Cmag) at Tt would not show any sharp anomaly. Indee
Cmag measured32 on TbNi2Si2 showed only a change in it
slope atTt consistent with a first-order transition involving
small latent heat. AtTN there was a largel-type anomaly
indicating the transition to be of second order. Specific-h
measurements of TbNi2Ge2 are clearly needed to investiga
similar behaviors.

The ANNNI ~axial/anisotropic nearest and next-neare
neighbor Ising! model discussed above was extended
various authors.14,33,34 According to their work a physica
system such as TbNi2Ge2 should lock into an infinity of
commensurate structures as some external parameter, su
the magnetic field, is varied giving rise to the so-call
‘‘devil’s staircase’’ behavior. As discussed at the beginni
of this paper there is a sequence of metamagnetic transit
in this material when a magnetic field is applied along thĉ
axis. We then expect to find a series of intricate field-induc
phases. We speculate that the antiferromagnetic ‘‘dom
walls’’ will be rearranged to give way to new periodicities a
ferromagnetism is induced. Also of interest is a possi
emergence of an AM structure from the low-temperature E
phase, as was reported to occur in TbNi2Si2 crystal.13 These
studies are presently in progress.

Finally, we point out that since Tb31 is a non-Kramers
ion it can have a singlet ground state due to the CEF split
of its degenerateJ56 multiplet.35 On the other hand, in
order to form a large moment at low temperatures the p
ence of at least one low-lying CEF level at an energy co
parable to the exchange energy above the ground state is
necessary.36,37 These two levels can mix to form a ‘‘com
pound’’ ground state by the exchange interaction which v
ies in space according to the propagation vector. Since in
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case of TbNi2Ge2 the moments saturate in the EM phase
low-lying CEF eigenstates must also have a la
uJz566& component where the axis of quantization,ẑ, is
along the direction (ĉ axis! of the ordered moments. Al
though CEF levels for TbNi2Ge2 are not known, for the iso-
structural TbNi2Si2 the ground state is aG4

1 singlet with a
G3

1 singlet as the first excited state.32 This excited state
is only 6.6 K above the ground state and together th
form a ‘‘pseudodoublet.’’ The measured entropy aboveTN is
R ln(2.4) which is consistent with this.32 Other CEF levels
are 38 K above the ground state. As was shown in Ref.
uJz566& predominates in both the low-lying singlets. Th
overall CEF splitting relative to the free-ion degenerateJ
multiplet is D'650 K which is comparable to'40 K es-
timated from the susceptibility data5 for TbNi2Ge2 . Based
on these similarities, a CEF level scheme such as tha
TbNi2Si2 seems probable for TbNi2Ge2 which is likely to
play an important role in various metamagnetic phases at
temperature.
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APPENDIX: POWDER PATTERN CALCULATIONS

The intensity of a nuclear powder peak (hkl) was calcu-
lated according to38,39
d
d

d

it
e
e

y

2,

in

w

.
is

t
-
k
r

I hkl
N 5S

phkl
N

sin~uB!sin~2uB!U(n
b̄neiQ•rnU2

, ~A1!

whereS is an overall scale factor depending only on exper
mental conditions. All the other symbols have their usu
meanings~see Refs. 38,39!. We assumed corrections due to
scattering extinctions, preferred orientations and stra
broadening to be negligible. A small absorption correction40

mostly due to Tb was found insignificant and was ignore
Also, since no significant thermal diffuse scattering was o
served at these temperatures the Debye-Waller factor w
ignored too.

For our calculations of magnetic peak intensities we us
the following expression based on the same assumptions
for the nuclear case:38,39,41

I hkl
M 5

S

Nm
2

phkl
M

sin~uB!sin~2uB!
^q2&S ge2

2mec
2D 2

3U(
j

^mj& f j~Q!eiQ•r jU2

. ~A2!

HereNm is the number of chemical unit cells comprising th
magnetic unit cell,̂ mj& is the thermal average of the mag
netic moment~in Bohr magneton,mB) and all the other sym-
bols have their usual meanings~see Refs. 38,39,41!. The
summation is over all the magnetic atoms of a magnetic u
cell. The magnetic form factors@ f j (Q)# were calculated in
the dipole approximation using analytic expressions given
Ref. 42.

There is only one temperature-independent overall sc
factor (S) to ‘‘fit’’ which was determined from the nuclear
data at 20 K and used to put magnetic peaks on an abso
scale in order to get the value of the ordered moments. No
of the crystal structural parameters were refined. Observ
intensities were obtained by simple numerical integratio
corrected for constant background. When there were sign
cant peak overlaps, intensities of all Bragg peaks we
added.
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