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The zero-field magnetic structures of the rare-earth intermetallic compoundGéNiave 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 tolang periodantiferromagnetic phase at the éléaemperature [y=16.8 K), and the
other is at a lower temperaturg,&9.3 K), where the system locks intacammensuratphase. The structure
aboveT, is described by dongitudinal, amplitude modulatedinusoidal wavewith propagation vectotr
~(000.758-0.002) in reciprocal-lattice unitq.l.u.). As the temperature is lowered beldly, = locks at
(0 0 %) and additional magnetic Bragg reflections corresponding,te(3 3 0) andm=(3 3 3) de-
velop. A weak modulationr;=(0 0 %), related tor; also appears indicating a squaring-up of the low-
temperature structure. In this equal moment structure all Tb moments have the saturation valee9di
+0.2ug. Both the phases are uniaxial with Tb moments parallel toctieis of the tetragonal unit cell.
[S0163-182698)03638-9

[. INTRODUCTION using neutron-diffraction techniques on powder samples
where the results, in some cases, are contradictory. For in-
The ternary rare-earth intermetallic compounds with com-stance, the magnetic structure of HeS#, was reportedito
positionRT,X,, whereR stands for a rare-earth elemefit, e incommensurate beloVy (6 K) with a modulation vector
represents a transition-metal ion, aXddenotes Si or Ge, O©f the form (0 0 7,) and moments in the tetragonal basal
display a wide variety of magnetic phenomérfawith the plane(a flat spiral, while another grou‘bfoundl the modula-
general exception of th&=Mn compounds which exhibit tion to be of the form ¢, 7, 7,) below a transition tempera-
ferromagnetism, most of these materials, with moment{Ure of 4.8 K with moments at an angle of 42° from the

bearingR ions, show antiferromagnetic ordering at low tem- un'_?;:e tetrr:\jg?nal axis. di f sinal |
perature with virtually all of the magnetism associated with € need for systematic studies of single crystals seems

the R ions. Since theR ions in these compounds are well clear in order to obtain a correct understanding of anisotropy

separated from each other, direct exchange is negligible. Du%rndtn?agr}etll? :]trl:r(]:éurres 'Pt:l%’}“ﬁlez m)z(iten?I;. Séf‘g'e
to their metallic nature, however, the magnetic interactio crystais of all members of this family, except Friaie,,

between two such ions can take place via the polarization o ave been_ grown at Ames Laboratory._ Measu_r ements of
the conduction band electrons as in the case of element3iac0SCOPIC properties, such as electrical resistivity and

rare-earth metals. While this indirect exchange interactior{Snaﬁnlitéziant'gpéerﬁ\c’)ecng;cé?ir;f(tjhgﬁt:nr;sg?sei:'ggrlg\zgsil
(Ruderman-Kittel-Kasuya-Yosida, RKKYs responsible for P P

the long-range magnetic ordering, anisotrofuiaxial or a function of a rare-earth element. These results will be pub-
planap is typically determined by crystalline electric field I|s'hed elsevx./her.éAs a part of this serles-W|de. study, a de-
(CEP effects which play an important role in these Com_tauled examination of the temperature- and field-dependent

pounds. In addition to paramagnetism and magnetic orde _;Nghgtlc struct.urlssto(; ? [;ﬁ.rtmularly mterestlngz thmember,
ing, intermetallics with Ce, Sm, Eu, and Yb also display 12156, was Initiated. n this paper we present the zero-

correlated electron effects, some of which are manifested afge_ld magnet'c structures of th.'s material. The _corr_ect deter-
heavy fermion superconductivify. mination of these structures will allow an examination of the

Among this vast class of compounds, fi,Ge, famity PP BRI TERACT, BRAene” BRI BNt S0
of materials is of particular interest. Their magnetic proper-for investigations of tEe fieId-inducecFi) structures disguzsed
ties are similar to th&Ni,Si, series, which displays consid- 9

erable magnetocrystalline anisotropy. Until recently, how—below'
ever, magnetization measurements of tHeNi,Ge, Il. PREVIOUS INVESTIGATIONS OF THE
compounds have been carried out only on polycrystalline MAGNETIC STRUCTURES

samples where the information about anisotropy was not ob-
tainable due to powder averaging. The magnetic structures of TbNi,Ge, crystallizes in the body-centered tetragonal
some of the members of this family have been determinedhCr,Si, structure(Fig. 1) with space group4/mmn(Dﬂ
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given in Ref. 7. Refinement of this model, however, leads to
.ﬁw values of the TB* moment up to 12.450.35.5 at some

sites, which is 40% larger than the saturated value of.9.0
expected for the ionic moment.

Although it is possible to have an excess moment associ-
ated with the spin polarization of the conduction-band
electrons such a large enhancement of the moment is sur-
prising. To illustrate the magnitude of the polarization con-
) tribution, we consider the isostructural Gdfsti, compound

where the enhancement is solely due to exchange interac-
tions since the Gt ground state §S;,,) is unaffected by
. CEF effects. In this case the polarization of the &nduc-
tion band contributes a maximum of 028.03ug in excess
of the Gd moment?

Ill. CRYSTAL GROWTH AND MAGNETIZATION

The single crystals of TbNGe, used for our studies were
grown at Ames Laboratory using a high-temperature flux
growth techniqué! These crystals have a platelike habit

with the flat face perpendicular to the crystallographaxis.

To detect the presence of any other phases, single crystals
./.:.7. were pulverized and an x-ray powder-diffraction pattern was

taken at room temperature, confirming the structure to be of

FIG. 1. A conventional unit cell of ThNGe, crystal. The large  ThCI,Sk; type with unit cell parameters andc of 4.047 and
black circles denote Tb atoms, the small shaded circles represent @i 785 A, respectively. No other phases were observed within
atoms, and the white circles stand for Ge atoms. the detectability limit £5%) of our measurements. This
material was then characterized by anisotropic magnetization

(see Ref. B Wyckoff positions of Th atoms are a) with measurements using a Quantum Design MPMS-5 supercon-
point symmetnD 4, whereas Ni atoms are atd). Two Ge  ducting quantum interference device magnetometer which
atoms are positioned, one above and one below each Trovides a temperature range of 1.8—350 K and a magnetic
atom, at Wyckoff sites 4). In a conventional tetragonal field up to 55 kG.
unit cell the Th atoms are located at the corners and body The temperature dependence of the low-field susceptibil-

center, while the Ni atoms are positioned on the cell facesity [ y(T)] with applied field parallel ||c) and perpendicu-

This layered st[ucture can be visualized as Tb planes sepgy; (H. ¢) to the¢ axis was found to be strongly anisotropic.
rated along thec axis by a network of Ni and Ge atoms. From cusps in the susceptibility two transitions were identi-
These atoms form a polyhedron surrounding each Th atofled which are indicated in Fig.(8). The paramagnetic to
located at the polyhedron center as depicted in Fig. 1. antiferromagnetic transition occurs at 16.7TKy). The sec-
Pinto et al. have studied a large number BfT,X; rare-  ond transition is at a lower temperature of 9.6 K)( These
earth intermetallic ternaries, including Thilie,, using neu-  transition temperatures are consistent with previously pub-
tron diffraction from polycrystalline samplésn TbNi,Ge, lished resultsS:’
they observed two transitions, &=16 K andT;=9 K, Perhaps the most interesting behavior was found in the
respectively. According to their work the structure beldyy magnetizatiorf M(H)] as a function of field applied along

is incommensurateHoweve_r, a complete determination of o2 ovis at 2 K[Fig. 2b)]. As the field was increased from
the structures was not carried out. =~ zero to its maximum value, a sequence of well-defined steps
Later, in a more detailed study, Boery/ignerorf also appeared. Up to 55 kG, five distinct transitions were ob-
found two transitions, afy=17 K andT;=10.25 K, re-  gareqat 14, 18.1, 29, 35, and 45.8 kG, respectiyelyhen
spectively. According to this study the magnetic structures i, o magnetization data was normalized to magnetic moment
both theAphases ammmensuratavith Tb moments aligned per TB™ ion, the sequence of magnetization values in the
with the ¢ axis. The higher temperature structure isaamn- metamagnetic phases was approxima@hé, %, %, and%
plitude modulated/AM) logitudinal sine wavewith wave  of the saturation moment of 9. In Ref. 5 we find a
vector (0 0 %) (Ref. 8 in reciprocal-lattice unitgr.l.u).  transition to a seventh phase at 59 kG with8;(er To*
Below T, additional satellite peaks corresponding toWwhich persists up to the maximum attainable field of 180 kG.
(0 0 %) related to (0 0%) and a new wave vector Also, M(H) is hysteretic gnd on field ramping d_0\_/vn from
111 , the maximum value we find two more states, giving up to
(z z z) also develop. In this phase, the (0 D structure  pine well-defined phases. When the applied field was in the
is a partially squared-up AM, similar to that abo¥g. In  pasa| plane, however, magnetization did not exhibit any tran-
addition, there are antiferromagnetically ordered Tb planesgitions.
which account for the ¥ 3 1) modulation. A complete This anisotropic behavior is similar to that observed in the
magnetic unit cell of the model structure for this phase is notsostructural TbNiSi, compound®*® which is a likely can-
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Susceptibility, x(T), at H = 1 kG IV. MAGNETIC NEUTRON DIFFRACTION
FROM A SINGLE CRYSTAL

0.5 T T T T T

The neutron-scattering measurements on a single crystal
of TbNi,Ge, were carried out at the H4M spectrometer of
High Flux Beam ReactofHFBR) at Brookhaven National
Laboratory. Neutrons with energies of 14.7 and 30.5 meV
were used. Most of the work was carried out at 30.5 meV
with collimator settings of 40-40' —40 —40'. A pyrolytic
graphite filter was placed after the sample to eliminate sec-
ond harmonic X/2) contamination of the beam. The largest
crystal (166 mg of the same batch as that used for the sus-
ceptibility measurements was chosen. No special preparation

T (K) of the sample was necessary.

Magnetization, M(H), at T = 2 X The single crystal was aligned with thea h 1] zone in
T T T e the scattering plane in order to identify all modulation vec-
tors unambiguosly. At 20 K, abovE, as determined from
the susceptibility data, scans along various symmetry direc-
- tions in this zone showed only nuclear peaks consistent with
body-centered crystal structufiee., h+k+1=2n wheren is
an integey. Below Ty but aboveT,;, magnetic satellite peaks

- (h h 0)x7 wherer;=(0 0 2) developed. The absence
of any magnetic peaks of the form (0 Q= =, indicates

that the ordered moment direction is along thaxis.
0 4 At 4.7 K, below the second transition &t as determined
bbb bbb bbb L from the susceptibility data, additional superlattice peaks as-
0 05 1.0 15 20 25 30 35 40 45 50 55 . . 1 111
H (10* Gauss) sociated withm=(5 3 0) and s=(5 3 3) were ob-
o . served. A weak modulation;=(0 0 %), related tor; also
FIG. 2. (a) Susceptibility as a function of temperature at 1 kG geyeloped indicating a squaring-up of the structure. No other
and (b) magnetization as a function of field @ K of TbNi;Ge,  maqylations in this zone were found. Again, the absence of
single crystal. 7, and 7; magnetic satellites of (0 Q) nuclear peaks im-
plied that the ordered moments associated with these modu-
) ) o ) ) lations are aligned with the axis. However, there remains
didate for a physical system exhibiting “devil's staircasé” o possibility of a component of the ordered moments in the
type behavior. In zero field, Thbsi, is anincommensurate pagg] plane associated with and 7, modulations which we
AM antiferromagnet below 15 K. At about 9 K, the structure wi|l discuss below.
locks into acommensurate equal momeiEM) phase(see The integrated intensitie€rder parameteysof various
Refs. 12,13, and references thejeilm both the phases Tb magnetic Bragg peaks corresponding to (1 1+@),
moments are aligned with theaxis. The most striking be- (0 0 0)+ 7 and (0 O O) 73 are shown in Fig. 3 as a
havior was fountf at 1.3 K, where five metamagnetic tran- function of temperature. For comparison the integrated inten-
siions were seen in an external field applied alongtthgis, Sty Of the(1 1 2 nuclear peak is also shown which has no

although these transitions were not as clearly resolved as iﬁgn!?car}t ;\arlatlon taﬁ'tthe. temperatt;re is changed. Tze n-
Fig. 2(b), suggesting that TbNGe, is a better candidate for ensity of ther, satellite increases from zero dly an

study. Neutron diffraction on a single crystal of TBRi, in igg\:ﬁl a nT;rl:\igcdlséC:kr)stlzglrtrism;;Scjiiloggr% TS'{TUZZ}
a field revealed a rich phase diagrdfnAmong various Y. mag P P o s app

h field-induced t tion int AM structure f at T;. These show very similar dependence on temperature,
phases, a Tield-induced transition into an structure romsuggesting that they most likely originate from the same fea-

an EM phase was reported. Based on the similar magnetig oo of the structure. The transition temperatures obtained
propertl_es and the_ isostructural relationship We_expect a rchy modeling the magnetic order parameters by Brillouin-type
magnetic phase diagram for Thiiie, as well. Differences functions[B,_g(|]T—T,|), where T, is the transition tem-
are likely to arise, however, due to the change in the enviperature, see Fig.]3are Ty=16.80.2 K and T,=9.8
ronment of the Th atoms brought about by Ge substitution- 9 3 K, respectively, in close agreement with those deter-
for Si and by the different lattice parameters, since the oscilmined by susceptibility measurements. We note the large
latory exchange interactions are very sensitive to magnetignhancement of the integrated intensity of thesatellite
ion-ion separation. Also, the number and clarity of stateselowT,.

make TbNjGe, an ideal system to study metamagnetic ~Assuming a common origin for the symmetry inequiva-
structures. But first it is vital to have a clear understanding ofent modulationsw, and =5, as suggested by the order-
the zero-field structures. This is the focus of the rest of thigparameter measurements, we can compare the intensities of
paper. some satellites corresponding to these wave vectors to infer

X (cm3/mole)

6 ey
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FIG. 3. Temperature dependence of various magnetic reflectiondsed to determine moment directions

measured by neutron diffractioft (e yon=14.7 meV) on a single
crystal. Data were collected on raising the temperature.

the ordered moment direction associated with them. We fin(i,f1 the Gd, Nd,

that the intensities of these noncollinear Bragg peaks fell of
asl a2 312 0yl (312 312 129> | (312 312 312) At @ faster rate than

the decrease that would be expected from the change in t
magnetic form factor of TH". This behavior, combined with

the large anisotropy in the susceptibility and the low
temperature magnetization measurements, suggests that
direction of ordered moments associated with these modul

tions in the low-temperature phase is also along&ramis.
The temperature dependence of the wegksatellite is

i
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drops off at a much faster rate with temperature and becomes
negligibly small aboveT, . At the lowest temperature of 4.7
K, the ratio o o 1/4/l(0 0 ay~1/10 which should be com-

pared with §)? expected for the ratio of the third order and
the fundamental components of a perfect square wave.
The data can be summarized as follows: beljw there
are three magnetic modulation vectors, namely,
=0 0 2), »=(3 1 0) and 5=(3 3 3). The weak
modulation7;=(0 0 %) is found to be the third harmonic
of 7. ForT,<T<Ty, however, there is only one propaga-
tion vector,7;. Although =, and =; are not related by sym-
metry, similarities in temperature dependence of their inte-
grated intensities suggests a common origin. Sincés a
high-symmetry point of the Brillouin zone, we believe that
the 73 modulation is likely to be a consequencesmf On the
other hand, ther, modulation is independent and is the only
ordering vector in the rangg&<T<Ty. In both the phases,

the ordered moments are parallel to thexis.

V. X-RAY RESONANT EXCHANGE SCATTERING

In order to take advantage of the high@r resolution
available with x-ray scattering techniques, and to further test
the x-ray resonant exchange scattefikRES) cross section
in  magnetic
compounds$?!®we have studied a single-crystal sample of
TbNi,Ge, by XRES. In recent experiments this technique
has been successfully used to determine moment directions
and Sm members of tRNi,B,C interme-
fallic compounds.*®

These studies were performed on the X22C beamline at

the National Synchrotron Light Source. This beamline uti-

1zes a Ni-coated toroidal mirror to focus the x-ray beam at
the sample position and reject higher harmonics in the inci-
nt beam. The incident energy was selected using a double
unce G€L11) monochromator with an energy resolution
of approximately 10 eV. The focused monochromatic beam
at the sample position had a spot size of approximately
1 mmx1 mm. In this configuration the flux was approxi-

shown in Fig. 4. We see that the intensity of this satellitern(,jmy 16! photons/s at 8 KeV.

Intensities of the Harmonics vs. Temperature
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FIG. 4. Temperature dependence of (1 1+G) and
(1 1 2)-7; as measured by neutron diffractionE {yyon
=30.5 meV) on a single crystal. Both the scales correspond to th

For the XRES experiment, a platelet of the ThGe
crystal, from the same batch as that used for neutron-
diffraction measurements, was mechanically polished per-

pendicular to thec axis to eliminate surface contamination
from the residual flux and to increase the reflectivity. The

sample was cut perpendicular to thexis to have the final
shape of a long narrow rectangular block with approximate
dimensions of 5.81.0x0.5 mn?t. This shape allowed
Bragg peaks in theh 0 |] zone to be conveniently studied.
The narrow profile also ensured that the sample was com-
pletely bathed in the incident beam at all angles. The crystal
was sealed inside a Be can filled with He gas and cooled in a
closed cycle Heliplex-4 cryostat with a base temperature of
3.7 K. Integrated intensities were measured using a liquid-
nitrogen cooled Ge solid-state detector. The sample mosaic
at (0 0 6) was approximately 0.05°.

In order to use the resonant enhancement of the magnetic
peaks, the primary beam energy was tuned td_theabsorp-

same arbitrary unit. Data were collected on raising the temperaturdilon edge of Tb where resonant enhancement is expected to
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be the largest>'%?°Above Ty, only charge peaks consistent Energy Scans Through Tb Ly, Edge
with the body-centered-tetragonal structure were observed — 450 |
Below T, careful scans alon§0 0 1] direction revealed L (w) (© o8
superlattice peaks corresponding#pand 7; as was found ’g
in neutron-diffraction measurements. FORT<Ty, how- S 300
ever, ther] satellite disappeared ang was observed to shift ;
toward (0 0 0.758 [see Fig. &)]. We will discuss this be- o
havior in detail shortly. =
Energy scans of ther; magnetic peaks were taken ; 150
through thel ,; absorption edge to observe the resonant en-£
hancement and to confirm the magnetic nature of these sal--J
ellites. These scans of the (0 0 "8)superscript “+” de-
notes ar; satellite magnetic satellite and th@ 0 4) charge 0r
Bragg peak are shown in Figs(ab and 3b), respectively.
The inflection point of the fluorescence yidlshown in Fig.
5(c)] was used to define the absorption edfeg (). A large ®) | 004)
resonant enhancement of the intengéyfactor of~55 rela- ’g &5 ’°o°°°° l i
tive to the intensity at 25 eV below the edgeas seen a few S °°°o° :
eV above the edge, which is the signature of electric dipole @ 2.0 [ °°°° | 7
(E1) resonance involving electronic transitiongs2< 5d. @ o, |
Similar resonant enhancement was also obseftaddctor of é 1.5 + o | -
~ 26 in this casgin the vicinity of theL, edge. Due to the % % '
larger enhancement at theg, edge, however, XRES mea- 8 1.0 F oAI 000
surements described below were taken at the resonant enerc"c lo 000°%° 0000000
[dashed line aE,. in Fig. 5a)] above this edge. Polariza- ‘j 05 - I o °o°° ]
tion analysis of magnetic scattering was not performed. = I ©04009°
Longitudinal scans of (0 0 10) magnetic satellite at :
selected temperatures are shown in Fig. 6. The most notabl 0
feature in these measurements is the shift of the peak posi
tion to higherQ value as the temperature increases, suggest 150 | o0
ing a change in the modulation vector. Since the lattice pa- 251 (@ I o? o © o &)
rameterc does not change appreciably with temperatsee ’g I %o o
Fig. 7) this shift reflects a change mn . 2 100 L : o °o e ooo
The Bragg peak intensities (,,), widths (half width at o | ° ©%%o ©
half maximum, HWHM and the modulation vectors ob- @ " | b o
tained as a function of temperature are shown in Fig. 8. The,c? I
main result of our XRES measurements is the temperature > g9 | od i
dependence of the;=(0 0 7,) propagation vectofFig. =3 ° :
8(a)]. Below T, it remains locked at (0 0%) as was found = 2% 0 &° |
in neutron measurement. However, abdyeit changes to b0009000000° 000 E"ml= 7.512
(000.758-0.002), within a temperature inteval of 0.25 K. 0F ! T

The neutron-diffraction measurements were not able to re-

solve this steplike feature. In the temperature ramge T 749 7.30 751 7.52 7.33 1.54

<Ty, the modulation vectorr, remains nearly constant E (KeV)
within the error bars making it difficult to say whether the
structure ishigher-order commensuratar incommensurate FIG. 5. Energy scans through the, edge of Tb atT

As shown in Figs. &) and §c) both I ., and HWHM =3.7 K. (@) (0 0 8)" magnetic satellite peakb) (0 0 4 charge
show a discontinuity at the second phase transition fronPragg peak, an¢c) fluorescence yield used to define the absorption
which T, is found to be 9.30.2 K. It is surprising, how- edge. Solid line in@) is a Lorentzian squared fit used to obtain the
ever, that the magnetic peak broadens, corresponding to a rgsonant energy.
reduced correlation length, at the transition to a commensu-
rate phase. The measured longitudinal linewidth of @®  strumentalq resolution was not measured we assume that it
6) charge peak is=0.0038 r.l.u. and is indicated by the is the same as the charge peak linewidth. At 3.7 K, in the
dotted-dashed line in Fig.(® for comparison. The rocking commensurate phase, the magnetic correlation length is then
curve width of the (0 0 8) satellite(not shown is equal 600 A whereas at 9.75 K, in the higher temperature phase, it
to the sample mosaic & 0 6), both of which are indepen- is on the order of 1200 A.
dent of temperature. We can compare the magnetic correla- The integrated intensityl} of the (0 0 10) satellite
tion lengths of the ordered phases by assuming that they apeak is shown in Fig. @) as a function of temperature,
given simply by the inverse of the peak widHWHM) in  complementing similar measurements by neutron diffraction.
A1 corrected for the instrumental resolution. Since the in-The Neel temperatureTy) determined by modeling the tem-
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Intensity (arb. unit)

Temperature Dependence of a Magnetic Satellite

TbNi Ge, 0 o 10"

T =168 K

T =180 K

10.719 10.729 10.739 10.749 10.759 10.769 10.779 10.789

higherQ as the temperature is raised abdye Solid lines are fits

1 (r.l.u.)

FIG. 6. Longitudinal scans of the (0 0 I0)nagnetic satellite

peak at selected temperatures. Note the shift of the peak position t g 0.005 F E E E:‘E ﬁ}: .
@; |

to Lorentzian squared line profiles used to extiggt’'s, HWHM's,
and peak positions. 1 r.l&0.6424 AL

perature dependence with a Brillouin functidl;_g(|T
—Tul)] is 16.8£0.2 K. As was true for the order param-
eters measured by neutrons, there is a break in slofg at
and the intensity is significantly enhanced at low tempera-

ture.

e (A)

The directions of the ordered Tbh moments were also de-
termined by XRES from th€ dependence of the integrated

Lattice Parameters of TbNizGe2

e
| TTTERTITRRS |
9.775 I EE E I_ 402

0 2 4 6 B 10 12 14 16 18 20
T (K)

FIG. 7. Temperature dependence of théattice parameter as
obtained from thg0 0 6 charge Bragg reflection in XRES mea-
surements. Also shown is the lattice parameteobtained from

NEUTRON DIFFRACTION AND X-RAY RESONANT ... 8527

(a) Magnetic Wave Vector
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FIG. 8. Temperature dependence(af the modulation vector,
7=(0 0 7,); (b) Bragg peak intensityl,yj.x; (¢) width, HWHM,
and(d) the order parametel, The horizontal dotted-dashed line in
(c) shows the position of the assumed instrumentaksolution.
Data were collected on raising the temperature.

intensities of a series of magnetic satellites. Figure 9 shows
the Q dependence measured in the symmetric scattering ge-

(2 2 0 reflection in neutron-diffraction measurements on a singleometry at 3.7 and 12 K for magnetic satellites of the form
crystal.

(0 0 D™ (= denotes ar; satellite along with model cal-
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(a) Symmetric Geometry ~(0 0 0.758) atT;, and remains nearly constant above

this transition. BelowT,, 7, is locked at (0 032). Also, we
have seen a surprising broadening of the magnetic peak, cor-
responding to a reduced magnetic coherence length, at the
phase transition from the higher temperature phase to the
commensurate structure. In addition, we have used this tech-
nique to confirm the uniaxial ordering with the Tbh moments

parallel to thec axis in both the ordered phases in agreement
with the neutron-diffraction measurements.

(b) Q Dependence at 3.7 K

2‘38 | —<u,> I (001) ' |
=20F <> | (109)/(119) 4 VI. NEUTRON DIFFRACTION FROM POWDER
= 200 == <p.> at 5° wrt ¢ | _ _ _ _
a With the propagation vectors and the moment direction
A ] known from neutron, XRES and magnetization measure-
- wer T O . T ments on single-crystal samples, we used powder neutron-

s ] diffraction data to accurately determine the value of the or-

' dered moments in order to eliminate uncertainities from
single-crystal samples related to crystal shape and extinction
effects. The procedure used and the assumptions made for
the powder pattern calculations are briefly explained in the
Appendix.

Polycrystalline samples for neutron-diffraction measure-
ments were synthesized by arc-melting the stoichiometric
, mixture of the respective elements in an argon atmosphere

T ] and were subsequently annealed. The phase purity of the
4 6 ' 8 sample was verified by an x-ray powder-diffraction pattern.
a (A Susceptibility measured on this powder showed thesINe

transition at the expected temperature ensuring that the mag-

FIG. 9. Q dependence of the integrated intensities of magnetimetic ordering was not destroyed by strain during the grind-
Bragg peaks of the form (0 0)* at (b) 3.7 K and(c) 12 K,  ing process although the transitionTatwas not clearly dis-
respectively. Measured intensities are shown in filled circles. Soliccernible. Neutron-diffraction measurements on this sample
line is for a model with Tb momentg axis (3=0), dotted-dashed were performed at the high-resolution neutron powder dif-
line is for momentsL ¢ axis (8=90°), and the dashed line is for fractometer located at the HFBR. Neutrons with wavelength
B=05°. Scattering geometry is shown in paa). of 1.8857 A were used. The sample was sealed in a cylindri-

cal vanadium container of diameter 0.9 cm and cooled inside
culations. For the electric dipoleE(l) resonance the inte- a pumped He cryostat. Diffraction patterns were collected at
grated intensity of a magnetic Bragg pedk k 1) is given  several temperatures over the angular range 0°—-155%in 2

| (arb. unit)

by (ignoring the Debye-Waller factpft®-*8 with a step size of 0.05°. The zero of2s defined within
+0.05°.
xres. SINOe) < 4 The neutron-diffraction patterns at three different tem-
Thi m|k"2n| : (5.)  peratures for a selected range of angles are shown in Fig. 10.

At 20 K, well above the transition temperature, only nuclear

The Lorentz velocity factor, 1/sin@), and the angular fac- Bragg peaks corresponding to body-centered-tetragonal crys-
tors to account for the absorption and for the fraction of thefal structure were observed. Figure(d0shows a few such
beam intercepted by the sample are also incluétéds the ![OV\.’ znglehnuclear ‘I)(eak.sthé :%r;vengorlasla l;g"tl (ff” was used
direction of the scattered beam, is the linear absorption ° M ex these peaks wita=4.04 andc=29. , CONsIs-

- . ~L o tent with the lattice parameters determined from the single-
coefficient at a given energy, arg is the direction of the

i , : crystal samples. In addition to sharp peaks, magnetic diffuse
magnetic momhent<(uln>)l at thenth site. Jhe only aldjl;stable scattering is also seen at low angle region.
parameter in the calculations is an arbitrary scale factor. A tha calculated powder pattern at 20 K for the nuclear

;hown in Figs. £b) and S{c),.a model with the Tb moments peaks, based upon publisfiedructure for ToNiGe, and the
in the basal plane results in@ dependence mamfestl;i N Zbove lattice parameters, was found to be in very good
disagreement with the data, while for moments alongdhe agreement with the observed intensities, confirming the low-
axis theQ dependence at both the temperature can be modemperature crystal structure to be of Th8ls type. The
eled quite well. We pOint out, however, that the XRES dataovera” indexR_Braggfl was 7%. The scale factQBee the
is insensitive to variations of the tilt anglgg) of the mo-  Appendix thus found is used in the model calculations for
ments away from the axis by about~5° [see the dashed the magnetic peaks in order to put them on an absolute scale
line in Figs. 9b) and 9c¢)]. with the nuclear peaks.

In summary, the principal finding of XRES experimentis  AboveT;, but belowTy, all of the magnetic peaks in the
the temperature dependence af, which moves to pattern [Fig. 10b)] can be indexed using onlyr
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Neutron Diffraction Pattern from Polycrystalline Tlezco2
7, = (0 03/4)

2000 and column fi k 1) 7,54 Of Table 1] using the wave vec-

e (1/21/20) g e tors found in the measurements on single-crystal samples.
PO w2121/ R £& 2 This indicates that there are no additional modulations in this
1000 2 = = phase.

Below T,, a magnetic unit cell of the commensurate
structure can be constructed by doubling the chemical unit
cell along the(1 1 0 direction, implied bys,, and stacking

500

Intensity (arb. unit)

—s00 four such groups of unit cells alon@ 0 1) direction, implied
2000 — (12k=20K) by 7L All magneztic peak:; can also be indexgd with respect
s L ) to this supercelf?> These indices are shown in the second

column of Table ll[column G k 1),].
The temperature dependence of ¢ 0), (3 3 2),

(12-1

1000 -

Intensity (arb. unit)
(o
(1 0 1y
(1o 3-7
(11 o)4-‘r1

500 |- (0 0 10)" and peaks of the form (1 1)* was measured
oL o on the single-crystal sample. In Fig. 11 we plot the integrated
intensity of the (1 0 1) satellite peak as measured on the
- powder sample to obtain a unified picture. As was the case
- LY previously, the temperature dependence belgwcan also
T a0 =ls be modeled by a Brillouin function which yields a &léem-
& i == perature of 16.80.3 K. Although there is a large enhance-
r = z ment of the intensity belowl,, the break in slope at this
R b = - transition is less discernible than in the former cases.
= () A % z The order parameter associated with as observed at
o A L e (0 0 10)" (Fig. 8, (1 1 0)" (Fig. 3, and (1 0 1)
10 2 » Z’sg) « 50 (Fig. 11), respectively, has a marked discontinuity of the

slope atT,; and a large increase of the low-temperature in-
FIG. 10. Neutron-diffraction patterns from polycrystalline tensny relative to that above this transition. These can be

TbNi,Ge, sample ai(@) 4 K, (b) 12 K, and(c) 20 K. Diffraction ~ explained as consequences of the Tb moments acquiring the

pattern at 20 K was subtracted from thoseé & and 12 K in order  full saturation value of 9.z below T, from an AM phase

to identify the magnetic peaks. These are showr(anand (b). above this temperature. If the structure remained AM below

Indices of some of the weak peaks(@ are not shown. T, a smoothly varying order parameter would be expected.
=(0 0 0.758)modulation(see Table). The small peak A. Amplitude modulated phase(T<T<Ty)
at the position of(0 0 2 is an artifact of the subtraction |n this phase all the ordered moments in a given Tb plane

method, as are the “negative” peaks. As expected, #he (j) have the same magnitude and direction while they vary
satellites of (0 01l) nuclear peaks are absent due to the fackinusoidally from plane to plane according to

that the moment direction is parallel to titeaxis in both A

magnetic phases. All of the superlattice peaks in the powder (M) = usCO4 277 -1+ P)C, (6.1

neutron-diffraction patterntat K can be indexedFig. 10(c) wherey, is the saturation moment (9:3) of Th**. (s in
) » units of lattice parametas, and ¢ is an arbitrary phase fac-
TABLE I. Observed and calculated intensities of selected Mmadior. For intensity calculationsr, was approximated by
netic Bragg reflections of ThhGe, at T=12 K. Superscript 25
+/— in the second column stands forra satellite. Calculations of (0 0 33) and¢=0 was used. We have assumed zero mag-

R-Bragg included more reflections not listed in the table. netic moments for the Ni atoms. The calculated intensities
(I'ca) for this model agree quite well with the observed ones
No (hkl) QA ™Y lops lca (oo (1ops) @s shown in Table I. For comparison, we have listed

some of the calculated intensities for an AM model with

1 (1 0 1y 1.5630 45414 415-17 414+17 L

2 (10 1) 19218 1836 171=7 1727 =(0 0 %) (column headed ¢ 3/4) Which is the model

3 (10 3y 2'1194 1244 1125 1105 proposed in a previous experiménmlthough the agreement

¢ @ror 2 ames s ams  DeUSSRIIS 06 a0 e powtor patern oo goad e

> (11 2)+ 2.3396 200:6 143-6 142:6 known from the XRES measurements.

6 (11 2) 2.8239 642 60+3 60+3

7 (1 0 3) 2.8711 322 28+3 28+3

8 (11 4y 3.0286 A2 43+3  43+3 B. Equal moment commensurate phas€T<T,)

9 (2 0 2) 3.2111 7#3 65x3 64+3 The model for the low-temperature ordered phase is

10 (1 2 1y 3.4811 124 108-5 108+5 shown in Fig. 12. As in the AM phase, we have assumed
zero magnetic moments for the Ni atoms. As can be seen,

Magnetic R-Bragg = 9.3% while the ferromagnetic plangsuch as 0-2 and 4)&c-

Overall R-Bragg= 7.3% count for7; and 7, the antiferromagnetic plané€8 and 7

give rise tor, and 7 superlattice peaks. It is evident from



8530 ZAHIRUL ISLAM et al. PRB 58

TABLE Il. Observed and calculated intensities of selected magnetic Bragg reflections ofGeyNit
T=4 K. Indices in the second and the third columns refer to the magnetic and chemical unit cell, respec-
tively. The intensities in the case of overlapping peaks are given in the row for the strongest peak in the
group. Calculations oR-Bragg included more reflections not listed in the table.

No. (h k D (h k l)ciTmag Q (A_l) lobs Ica
1 110 (0 0 O)+m,
112 (0 0 0)+m 1.1456 2939 303+12
2 1186 (00 2)—m 1.4620 68-3 69+4
3 (201 (101)ym 1.5635 61918 602+ 24
4 207 (10 1)+mn 1.9188 29&12 27012
5 (209 (103)m 2.1229 1727 159+ 6
6 223 (11 0)+mn 2.2516 2398 245+ 10
7 (229 112)-m 2.3414 2779 210+9
(201 (103)-7
8 229 112)+7
313 (10 1)t+m 2.6410 65-3 55+3
9 (1116 (0 0 4)+m
518 (2 0 2)+m,
221y 11 2)+m 2.8207 1775 172c7
(2015 (10 3)+m
10 (2213 114)mn 3.0321 572 62+3
11 405H (20 2)ym 3.2124 873 95+ 4
12 241 12 1)y-m 3.4813 15&5 164+7
13 247 12 1)+mn 3.6547 12%4 134+5
(3310 11 2)+m
14 518 (2 0 2)+m 4.1679 212 19+2
(3318 11 4)y+=
15 (2415 12 3)+m 4.2301 753 59+3
16 4459 (22 2)y-m 4.4715 32 362
17 601 (301)ym 4.6685 32 32+2
Magnetic R-Bragg= 8.7%
Overall R-Bragg = 6.8%

Table Il that the calculated intensitielg(;) according to this
model agree very well with the observations. The value for
the Tb ordered moment was found to be®@2u 5 which is

-‘ S
-
->
o>
.
:»
[=~]

-

the expected saturation value of the Hund'’s rule ground state } { \ t 7
("Fg) of Th*. \
4 % J 6
AR S
Order Parameter v v v
1o | i L - i ¢$ ﬁ ’
= 3 ! s (o)
5 ! —Brillou.in: Function i 4 14
8 08 - | 1 j/t/‘ l * j/‘
= v v v
i ' 3 3
[
:'? 0.8 - I . ¢ J {
2 | ; 4 2
2 ' cp - d T AT
cR ' I | S B
I [ !
~ T 1
2 | AL BNL
g | 1 Ly iy 3
)] ! : 0
g i A =5
g oL Tt: ITN . ;/V ¥ W
1 M 1 M 1 L 1 M 1
0 5 10 15 20 FIG. 12. The magnetic structure of Thidie, at 4 K. One mag-
T (K) netic unit cell is shown. The dashed lines indicate a conventional

unit cell. T(]) represents magnetic moment of {depicted by solid

FIG. 11. Temperature dependence of the integrated intensity afircles “up” (“down” ) along thec axis. Ni and Ge atoms are not
(101)" magnetic peak measured by powder neutron diffraction. shown. Planes are numbered for reference.
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We have also considered the possibility of induced mo-magnetic ordering in these planes. In the pure AM phase
ments &3 ug) at the Ni sites which are ferromagnetically aboveT, this frustation is absent. Due to the presence of this
coupled to the Tb moments assuming only the nearest Tb-Nifrustation” in the EM phase it is conceivable that the mag-
pair interaction to be dominant. In this scheme induced monetic structure could break up into smaller domains com-
ments can exist only on the Ni sites between planes such gfared to the domain sizes in the AM phase. This reduces the
2 and 3 in Fig. 12. At all other Ni planes the exchange fieldmagnetic coherence length beld@yand can give rise to the

vanishes by symmetry. The calculated intensities, howevefnagnetic peak broadening as was obseriféig. 8c)] in
were insensitive to the value of induced moment up ta@.3 YRES measurements.

and produced equally good fits. Above this value they dis-
agreed with the observed ones. Thus, we place an upp
bound of 0.3z for an induced moment at the allowed Ni
sites.

Although the mechanism driving the lock-in transition at
t IS not clear, it is interesting to consider a simple phenom-
enological model introduced by Ellft*® which seems to
account for the observed magnetic behavior of Ti@é. In
his mean-field theory of an Ising model with a ferromagnetic
VII. DISCUSSION in-plane coupling and interactions only between nearest- and
next-nearest-neighbor planes, he shows that an AM structure

We have determined the zero-field magnetic structures Oi]s stable at finite te_mperature below the highest ordering tem-
TbNi,Ge, using neutron diffraction and XRES measure-Perature Ty). This is because the free energf U
ments. In the low-temperaturéT€T,) phase, propagation —TS) is lower qlue to higher entropy of the sinusoidal ar-

B 3 . . . rangement relative to that of an EM phase. As the tempera-

vectors 7,=(0 0 3) [along with the third harmonicr; : .

; v A ~ 1 ture is lowered the entropic term decredSemd the stable
=(0 0 2], »=(z z 0) andm=(3 2 2) were identi- gy ctyre is that which minimizes the internal enerdy,As
fied by neutron diffraction on a single crystal. The subtley consequence, in this model, the modulated structure
change of the wave vectay to (0 0 0.758 at Ty which was  squares up and possibly changes into an antiphase domain
not detected in the earlier workwas resolved using the girycture at a temperature slightly abcvE, where the mo-
high-Q resolution of XRES. AboveT it was difficult to  ment saturate®*' This general behavior is observed in both
determine whether the structure waigher-order commen- TbNi,Ge, and TbN}Si, where the AM to an EM phase tran-
surate or incommensurate According to our model, the gjtion takes place af,~0.55Ty and T,~0.6T, respec-
phase transition af, is from an EMcommensurat@hase tjyely. According to this theory the magnetic specific heat
(T<Ty) (Fig. 12 to an AM long periodantiferrromagnetic (Cmag @t T, would not show any sharp anomaly. Indeed
structure T,<T<Ty). From powder neutron-diffraction Cnag Measuredf on TbNiSi, showed only a change in its
measurements, the magnitude of the Tb ordered moment igope afT, consistent with a first-order transition involving a
the EM phase was found to be &:0.2u. In the earlier gmga)| |atent heat. ATy there was a larga-type anomaly
work’ the low-temperature phase was found to be AM. INjngicating the transition to be of second order. Specific-heat
both the phases the ordered moments of Tb were found t0 Bgeasurements of TopBe, are clearly needed to investigate
parallel to thec axis. In addition, we have placed an upper similar behaviors.
bound of 0.3 for any induced moments at Ni sit&$. The ANNNI (axial/anisotropic nearest and next-nearest-

An ordering vector of the form (0O Or,) below Ty is  neighbor Ising model discussed above was extended by
common to several members BNi,Ge, family such as the various authord?3334 According to their work a physical
Nd, Eu, Gd, Dy, Er, and Tm compounds. The modulationsystem such as Thibe, should lock into an infinity of
vectors reported for these materials below their respectiveommensurate structures as some external parameter, such as
ordering temperatureTg,) are (0 0 0.803,%* (0 0 1,  the magnetic field, is varied giving rise to the so-called
(0 0~0.79)” (0 0~0.75)?° (0 0 0.757,* and “devil's staircase” behavior. As discussed at the beginning
(0 0 0.7854,%" respectively. The propagation vectarfound  of this paper there is a sequence of metamagnetic transitions

in TbNi,Ge, below Ty is consistent with this. We speculate jn this material when a magnetic field is applied along ¢he
that a “nesting” feature of the respective Fermi surfaces inaxjs. We then expect to find a series of intricate field-induced
these metallic systems at these wave vectors is responsib‘!ﬁﬁasesl We speculate that the antiferromagnetic “domain
for the onset of magnetic ordering. Electronic band theorety|is” will be rearranged to give way to new periodicities as
ical calculations to detect this feature are planned. ferromagnetism is induced. Also of interest is a possible
The low-temperature EM phase is an antiphase domaigmergence of an AM structure from the low-temperature EM

structure consisting of triplets of antiferromagnetically phase, as was reported to occur in T crystal’® These
coupled ferromagnetic Th plan€8—2 and 4-6 in Fig. 12  stydies are presently in progress.

separated by planes ordered antiferromagneticalignd 3. Finally, we point out that since b is a non-Kramers

The formation of triplets can be explained by a ferromag-jon, jt can have a singlet ground state due to the CEF splitting
netic coupling within the plane and two dominant interplanargs jtg degenerated=6 multiplet®® On the other hand, in
coupling constants, nearest-neighbor antiferromagnetic, angger to form a large moment at low temperatures the pres-
next-nearest-neighbor ferromagnetic interactions. Since thgnce of at least one low-lying CEF level at an energy com-
modulation vector is (0 0%) two such neighboring triplets parable to the exchange energy above the ground state is also
have opposite phases. Due to the antiferromagnetic couplingecessary®>’ These two levels can mix to form a “com-
between the nearest-neighbor planes the moments on plangsund” ground state by the exchange interaction which var-
such as 3 and 7 are “frustated” which can lead to antiferro-ies in space according to the propagation vector. Since in the
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2

case of TbNjGe, the moments saturate in the EM phase the PR, (A1)

low-lying CEF eigenstates must also have a large I=Ss 57
ying g e g hkI™sin 6g)sin(2 0g)

|J,= £6) component where the axis of quantizatian,is

along the direction f( axis) of the ordered moments. Al-

S b

n

whereS is an overall scale factor depending only on experi-

. mental conditions. All the other symbols have their usual
though CEF levels for ToNGe; are not kn+ow_n, for the iso-  meaninggsee Refs. 38,39 We assalmed corrections due to
structural ToNjSi; the ground state is B, singlet with a  scattering extinctions, preferred orientations and  strain
I'j singlet as the first excited state.This excited state broadening to be negligible. A small absorption correéfon

is only 6.6 K above the ground state and together theynostly due to Tb was found insignificant and was ignored.
form a “pseudodoublet.” The measured entropy abdygs  Also, since no significant thermal diffuse scattering was ob-
RIn(2.4) which is consistent with thi€. Other CEF levels served at these temperatures the Debye-Waller factor was
are 38 K above the ground state. As was shown in Ref. 32gnored too.

|,= +6) predominates in both the low-lying singlets. The  For our calculations of magnetic peak intensities we used
overall CEF splitting relative to the free-ion degenerate the following expression based on the same assumptions as
multiplet is A~+50 K which is comparable te-40 K es- o the nuclear case.™
timated from the susceptibility datdor TbNi,Ge,. Based

M 2
on these similarities, a CEF level scheme such as that in |r'\1’|k|=i _ ph!" <q2>( ve
TbNi,Si, seems probable for To)NBe, which is likely to N2, Sin(6g)sin(26g) 2mc?
play an important role in various metamagnetic phases at low 2
temperature. % 2 <Mj>fj(Q)eiQ'rj (A2)
]
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