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Resonant and nonresonant magnetic x-ray scattering studies of GdCo,Ge, were performed to determine its
magnetic structure at low temperature. This compound orders in an incommensurate antiferromagnetic (AF)
structure characterized by a propagation wave vector 7=(0 0 7,). The value of 7, is temperature dependent and
approaches 0.930 reciprocal lattice units well below Ty=33.25 K. A peak corresponding to 37, was also
observed, indicating either a squaring up of the magnetic structure or the presence of a noncollinear amplitude
modulated structure below Ty. Fitting the angular dependence of the magnetic scattering integrated intensities
to the relevant resonant and nonresonant scattering cross sections revealed that the moment direction lies
primarily in the tetragonal basal plane. Scattering measurements at the Co K- edge failed to detect any resonant
signal, consistent with the absence of a magnetic moment on the Co sites.
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I. INTRODUCTION

The interplay of long-range exchange interactions and an-
isotropy has been at the focal point of research in rare-earth
magnetism for decades. For most of the rare-earth elements,
with contributions from orbital moments, single-ion interac-
tions due to crystal electric field (CEF) effects dominate the
anisotropy of the magnetic ground state. Theoretical ap-
proaches incorporating these two effects have been quite suc-
cessful in elucidating magnetically ordered states, such as
commensurate and incommensurate equal moment (EM) and
amplitude-modulated (AM) collinear structures of numerous
rare-earth intermetallic compounds. However, the anisotropy
due solely to anisotropic exchange interactions, which has its
origin in the underlying electronic bands, are difficult to
study when competing CEF effects are present. Recent the-
oretical studies suggest the formation of noncollinear ampli-
tude modulated (NCAM) structures' due to such anisotropic
exchange interactions even when CEF effects and higher-
order interactions are absent. Gadolinium (Gd) compounds
are ideal for studying these unusual magnetic ground states
(since for this rare-earth ion, L=0 and CEF effects are ab-
sent) and for developing a deeper understanding of the role
of electronic band filling on long-range order and anisotropy
via exchange interactions.

The Gd member of the rare-earth cobalt germanide family
(RCo,Ge,, where R=heavy rare earth) crystallizes in the
body-centered tetragonal ThCr,Si,-type structure (space
group 14/mmm),? and is of particular interest. Several of the
compounds in the RCo,Ge, family exhibit a transformation
from an incommensurate modulated antiferromagnetic state
below Ty to a collinear commensurate antiferromagnetic
structure below a second transition temperature 77<<Ty. For
TbCo,Ge,,>* DyCo,Ge,, and HoCo,Ge, (Ref. 5) reinvesti-
gations of the magnetic structure revealed that the incom-
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mensurate wave vector in the temperature range T,;<T
< Ty is of the form (0 0 7.) with 7, ranging between 0.92 and
0.94. Below T7, there is an abrupt change in the wave vector,
jumping to the commensurate value of 1.0. In all three com-
pounds, the magnetic moment direction is essentially along
the unique ¢ axis of the tetragonal structure for both the
low-temperature commensurate and higher-temperature in-
commensurate phases. For DyCo,Ge, there appears to be a
slight canting away from the ¢ axis in the low-temperature
commensurate structure.’> For ErCo,Ge, the commensurate
antiferromagnetic structure is characterized by a wave vector
(001) and magnetic moment direction in the basal plane.®

The RCo,Ge, compounds are isostructural to the
RNi,Ge, compounds where a robust Fermi-surface nesting is
responsible for incommensurate magnetic structures,”? indi-
cating a critical role played by the underlying electronic
structures in mediating exchange interactions. Recent photo-
emission work”? showed that rigid-band shifts in the Ni ger-
manides are valid and, given the close structural relationship,
a similar nesting behavior may be expected in the RCo,Ge,
compounds as well. According to susceptibility measure-
ments, GdCo,Ge, exhibits only one antiferromagnetic tran-
sition unlike the GdNi,Ge, compound in which two or more
transitions are observed, indicating that higher-order interac-
tions are important in the latter material. Thus the absence of
additional low-T transitions makes GdCo,Ge, a better candi-
date for the study of possible NCAM phases. Furthermore,
electronic generalized susceptibility calculations for the Ni
germanides showed that the nesting feature is tunable via
band filling, which can be realized by alloying such as
Gd(Ni,_,Co,),Ge, with no significant structural perturba-
tions, providing a knob to vary the fundamental nature of the
magnetic ground state.

It is clearly of interest to investigate compounds where
R=Gd. All of the known Gd(TM),X, (TM=transition-metal
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FIG. 1. SQUID susceptibility measurements with a field of
H=1 kOe applied parallel to the ¢ axis [001] or perpendicular to the
¢ axis [100]. The peak in the susceptibility is at approximately 33
K.

element, X=Ge or Si) order antiferromagnetically.!®!! Few
of the magnetic structures are known in detail, however,
since neutron diffraction measurements are hampered by the
large absorption cross-section for naturally occurring Gd.
X-ray resonant magnetic scattering (XRMS) provides an al-
ternative to neutron measurements in these cases.!>!3 In this
work, we focus on elucidating the magnetically ordered state
of GdCo,Ge, and lay the foundation for future studies of
electronic tuning of magnetically ordered phases.

II. EXPERIMENTAL PROCEDURES

For our XRMS studies of magnetic ordering in
GdCo,Ge,, single crystals were grown at the Ames Labora-
tory using a high-temperature flux growth technique.'*!> The
crystals form as platelets with the unique ¢ axis perpendicu-
lar to the surface. The specimen with the smoothest surface,
without visible flux inclusions, was chosen for the x-ray ex-
periment and was characterized on a four circle diffracto-
meter using a rotating anode (Mo) x-ray source. The sample
mosaic was measured to be 0.012 deg at the (0 0 8) reflec-
tion. Susceptibility measurements performed at Ames Labo-
ratory using a superconducting quantum interference device
(SQUID) magnetometer exhibit a peak at approximately Ty
=33 K as seen in Fig. 1. From Fig. 1, we see that the sus-
ceptibility measured with the field perpendicular to ¢ de-
creases below Ty. This behavior indicates that the moments
likely lie close to the tetragonal basal plane, rather than along
the ¢ axis.

Initial XRMS studies were performed on the Sector 1
bending magnet beam line'® at the Advanced Photon Source,
Argonnel, IL (APS) with the incident energy of x rays tuned
to the Gd Ly edge (E=7.241 KeV). The bulk of the XRMS
measurements were carried out on the 6-ID undulator line in
the Midwest Universities Collaborative Access Team (MU-
CAT) Sector at the APS. A liquid nitrogen cooled, double
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crystal Si(111) monochromator, and a bent mirror were used
to select the incident photon energy, focus the beam, and
suppress higher-order harmonics. The sample was mounted
on a copper rod on the cold finger of a closed cycle displex
refrigerator. The sample, oriented so that the scattering plane
of the experiment was coincident with the (HOL) zone, was
encapsulated in a Be dome with a He exchange gas to en-
hance thermal transfer.

The resonant scattering measurements were carried out at
the Gd Ly absorption edge with the incident radiation lin-
early polarized perpendicular to the scattering plane (o po-
larized). In this geometry, only the component of the mag-
netic moment that is in the scattering plane (the HOL plane in
this case) contributes to the resonant scattering arising from
electric dipole transitions from the 2p to 5d states.'® Further-
more, the linear polarization of the resonant scattered radia-
tion is rotated into the scattering plane (7 polarization).

A pyrolytic graphite analyzer PG (0 0 6) was used as a
polarization analyzer, set to reduce the background from
Thomson charge scattering. In contrast to dipole-resonant
magnet scattering, charge scattering does not change the po-
larization of the incident beam (o-o scattering) For E
=7.243 KeV the scattering angle for the analyzer is approxi-
mately 100 deg and so the o— o charge scattering is reduced
by ~97% while the o— 7 resonant scattering is passed with
little loss. This polarization selection effectively enhances
the magnetic peak intensity relative to the charge back-
ground.

II1. RESULTS

Based on the results from other compounds in the
RCo,Ge, family, a search was carried out for a modulation
wave vector of the form (0 0 7,) with 7, between 0.7 and 1.0.
In the initial measurements on 1BM (XOR Sector), magnetic
superstructure peaks characterized by (0 0 0.93) were ob-
served. A count rate of approximately 8000 counts/s was
measured for the (0 0 5.093) magnetic peak, using a Ge
solid-state detector. No third harmonic of the fundamental
satellite was observed above the background.

The remainder of the data presented here were collected
using the MUCAT undulator beam line which offers greater
sensitivity due to higher photon-flux density. Magnetic peaks
were found at reciprocal space positions corresponding to
(0 0 Lx7,), where L is an even integer as shown in Fig. 2.
The magnetic peaks decrease in intensity and, finally, disap-
pear close to the transition temperature determined by the the
susceptibility measurements (7= 33 K).

The magnetic wave vector (7,) was found to be tempera-
ture dependent with a value approaching 7,=0.930 reciprocal
lattice units (rlu) at 7=6 K, the base temperature of this mea-
surement. Figure 3 displays the temperature dependence of
the wave vector as determined by fitting both the (0 0 8-7,)
and (0 0 8+7,) satellite peaks to obtain their positions rela-
tive to the (0 O 8) charge peak over the entire temperature
range. The continuous change in the wave vector with tem-
perature is indicative of an incommensurate antiferromag-
netic structure. Interestingly, the magnetic wave vector in-
creases as temperature is increased to reach a maximum of

224427-2



MAGNETIC STRUCTURE OF GdCo,Ge,

102 T T T T T T T

10’

(o)
o

[}
1

1072

Intensity (cts/mon)

6 K (x 10) |

10"3 NWMWMWNWMMMWMWMWM
- 40 K -

10_4—I L 1 L 1 L 1
47 48 49 50 51 52 53

L (r.u)

FIG. 2. Longitudinal scans across the (0 0 L) reflections at 6 and
40 K taken at the Gd Ly edge. The 6 K data are offset relative to
the 40 K data.

0.933 rlu at 7=25 K and then decreases as the temperature
approaches Ty. While such a nonmonotonic behavior of the
magnetic wave vector is often observed close to Ty, it is not
well-understood at this time. Possible explanations include
subtle changes in the electronic structure close to T which
are now revealed by the high-reciprocal space resolution
available to x-ray measurements.

In order to confirm that the magnetic peaks are associated
with the resonant scattering process, energy scans through
the Gd Ly; edge at the (008) charge peak and (0 0 8-r)
magnetic satellite were performed and are shown in Fig. 4.
The absorption edge, defined by the maximum slope in ab-
sorption, is shown in the figure as the dashed vertical line.
The observation of a resonant peak in the scattering at the
magnetic satellite position, just above the Gd Ly; edge, con-
firms that the enhancement arises from dipole resonant scat-
tering.
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FIG. 3. Temperature dependence of the wave vector in recipro-
cal space measured relative to the (008) peak position using the
(0 0 8-7,) and (0 0 8+ 7,) satellites measured at the Gd Lyj; edge.
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FIG. 4. Energy scans of (a) the scattered intensity at the (0 0 8)
peak position and (b) the dipole resonance at the (0 0 8—7,) satellite
peak position. The dashed line marks the position of the Gd Ly
absorption edge.

The measurement of the temperature dependence of the
magnetic scattering at (0 0 8+ 7,) is plotted in Fig. 5. These
data were fit, close to Ty, using a power law, I=A(Ty—T)%",
to determine an accurate value for Ty.2! The intensity of the
magnetic peak smoothly decreases to background levels at
33.25(x0.10)K, with B8=0.35(x0.03). This value for Ty is
consistent with the susceptibility measurements which show
a transition at approximately 33 K.

In order to further elucidate the nature of the magnetic
structure of GdCo,Ge,, a search for higher harmonics of the
fundamental wave vector was performed and resulted in the
observation of a very weak 37, satellite. The presence of
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FIG. 5. Order parameter measurement used to determine 7y
measured at the Gd Ly edge. The inset shows the plot of order
parameter versus reduced temperature (1-7/T)). The solid line is a
fit using a I=A(1—-T/Ty)?# for temperatures close to T).
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FIG. 6. Angular dependence of the integrated intensity mea-
sured at the Gd Ly edge at 7=6 K. The solid line represents the
theoretical prediction for a moment direction aligned perpendicular
to the ¢ axis. The dashed line represents a moment direction aligned
along the ¢ axis.

higher-order harmonics of the magnetic ordering generally
indicates a squaring up of the modulation as the temperature
is decreased below Ty. Alternatively, the presence of a weak
third harmonic satellite is consistent with a noncollinear am-
plitude modulated (NCAM) structure as postulated for
GdCo,Ge, by Rotter et al.' We note that even at the lowest
temperature reached in this measurement, the ratio of the
intensity of the third harmonic satellite to fundamental is
approximately 0.003, nearly 40 times smaller than would be
expected for a fully squared structure (see Fig. 2). Indeed,
above approximately 16 K the intensity of the third harmonic
satellite falls below the residual charge background of our
measurement. It is difficult, in these measurements, to deter-
mine whether this higher harmonic persists up to 7 or dis-
appears at a lower temperature.

In order to determine the direction of the magnetic mo-
ment on the Gd site, the integrated intensity of the resonant
scattering was measured for all magnetic satellite peaks
(0 0 L+ 7.) that could be reached in this scattering geometry.
The integrated intensities were calculated from transverse
scans of each peak with open detector slits to ensure proper
integration. These transverse scans were fit using a Lorentz-
ian peak profile to obtain values for the integrated intensity.
The angular dependence (or Q dependence) of the integrated
intensities is shown in Fig. 6 along with theoretical curves
describing the dipole-resonant scattering cross sections for
the magnetic moment directions along the [00L] and [HO00]
directions.

The integrated intensity in the o— 7 geometry for the
dipole resonant process can be written as

[S; sin(6) — Sy cos(6) ]
I :
sin(26)

s

where 1/sin(26) is the Lorentz polarization factor, S; and Sy
are the components of the magnetic moment along the [00L]
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(c axis) or [HOO] (a axis), respectively (for the sample ori-
entation used in this measurement) and @ is the one-half of
the scattering angle. For a moment direction along the ¢ axis,
Sy=0 and the resulting scattering cross-section equation is
described by the dashed line in Fig. 6. For a moment direc-
tion perpendicular to the ¢ axis (lying in the tetragonal basal
plane), the scattering cross section is shown by the solid line.
With the exception of the two points at low angles, the data
is well-described by the solid line in Fig. 6, indicating that
the ordered moments lie primarily in the basal plane of the
tetragonal structure. Because of the high symmetry of the
tetragonal unit cell, it is not possible to specify further the
direction of the magnetic moment within the basal plane.

The discrepancy between the data and fit at low angles
can be attributed primarily to the fact that the projection of
the incident beam is larger than the sample at these angles.
The beam cross section was 0.4(x0.03) mm X 1(+0.03) mm
while the sample was about 3 mm X3 mm. At =5 deg,
only about half of the beam is intercepted by the sample.
Indeed, when this footprint correction is applied (not shown)
to the two low-Q data points, the agreement with the model
improves significantly. For measurements above 6=8 de-
grees, the sample intercepted the entire beam allowing for
consistent integrated intensity measurements.

An extremely useful feature of x-ray magnetic scattering
is the ability to move away from the resonant scattering en-
ergy and probe the magnetic order using nonresonant mag-
netic scattering techniques to confirm the direction of the
magnetic moment. Using the same scattering geometry, the
nonresonant scattering measurement was carried out at an
energy of 7 keV. This is ~250 eV below the resonant energy
which ensures that the resonant scattering does not contrib-
ute significantly to the integrated intensity. By moving from
the PG(006) analyzer reflection to the PG(002) reflection,
both the o and 7 components of the scattered beam were
passed by the analyzer. While this decreases the ratio of the
intensity of magnetic peaks to the charge background, it al-
lows all components of the magnetic moment to contribute to
the scattered intensity at the magnetic satellite peak. In con-
trast to the resonant scattering measurements, this configura-
tion is particularly sensitive to the component of the moment
directed out of the scattering plane. Thus, by comparison
with resonant results, the contribution of all moment direc-
tions can be determined without realignment of the sample.
The results of these measurements are plotted in Fig. 7 along
with the relevant calculated cross sections for nonresonant
scattering.!” As seen in Fig. 7, the nonresonant measurement
confirms that the moments lie primarily in the basal plane of
the tetragonal unit cell.

In order to complete our investigation of magnetic order-
ing in GdCo,Ge, an attempt was made to find a measurable
resonant enhancement of the magnetic satellite at the Co K
edge. Although resonant enhancements at the K edges of
transition metals have been observed in several instances,'$
they are generally much weaker than that typically observed
at the L edges of rare earths. Nevertheless, the observation of
any enhancement of the magnetic satellites at the Co K edge
would provide evidence for the existence of a moment on the
Co sites in this compound. Scans of the energy dependence
of the magnetic scattering through the Co K edge, however,
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FIG. 7. Nonresonant Q dependence of the integrated intensity
measured using an incident beam energy of 7 keV at 7=6 K. The
solid line represents the scattering cross section for the magnetic
moment aligned perpendicular to the ¢ axis. The dashed line repre-
sents the scattering cross section for the magnetic moment aligned
parallel to c.

failed to reveal any enhancement of the magnetic peak lead-
ing us to conclude that Co does not carry a measurable mo-
ment in the magnetically ordered state of GdCo,Ge,.

IV. DISCUSSION

Through a magnetic x-ray scattering investigation of
GdCo,Ge,, we have found that this compound orders in an
incommensurate antiferromagnetic structure below Ty
=33.25(x0.10)K. The modulation wave vector characterizing
the oscillatory magnetic order is temperature dependent with
a value of (0 0 7,) where 7,=0.930 rlu at the lowest tempera-
ture (6 K) of this measurement. The formation of magneti-
cally ordered structures in the RCo,Ge, compounds, charac-
terized by a wavevector with the same symmetry as found in
the isostructural RNi,Ge, family of compounds, suggests
that a Fermi-surface nesting mechanism is operative in the
Co germanides as well.

Both the resonant and nonresonant scattering measure-
ments confirm that the Gd moment lies primarily in the basal
plane of the tetragonal unit cell. We found that the incom-
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mensurate magnetic structure persists down to the base tem-
perature of our measurement in marked contrast to the results
of previous investigations on other RCo,Ge, compounds
(R=Ho, Dy, Tb). While our measurements conclude that the
Gd moment lies primarily in the basal plane, it is not pos-
sible to specify whether the moments are arranged in a col-
linear or cycloidal pattern. Nevertheless, this does imply
some degree of anisotropy in the exchange coupling or a
weak crystal-field anisotropy.'>?® Finally, we note that ques-
tions regarding the temperature dependence of the magnetic
wave vector and the third harmonic satellite, as well as any
possible relationship between them, remain open and should
be addressed by further investigations.

In comparison with other the members of the RCo,Ge,
family, GdCo,Ge, does not exhibit a second transition below
Ty to a commensurate antiferromagnetic structure for tem-
peratures above 6 K. We speculate that the absence of strong
CEF effects for Gd (L=0) depresses this transition with re-
spect to the Ho-, Dy-, and Tb-based members. However,
since CEF effects are absent for Gd, as the order parameter
saturates at low temperature the magnetic order must evolve
to an equal moment structure. Several possibilities exist for
the T=0 K antiferromagnetic structure including commensu-
rate antiferromagnetic order, a fully squared incommensurate
structure or an equal moment cycloidal structure. The exis-
tence of a third harmonic magnetic satellite, albeit weak, is a
particularly interesting feature of these measurements. It im-
plies either a collinear structure that is squaring up or a
weakly asymmetric (elliptical rather than circular) cycloid. If
the latter is true, GdCo,Ge, is likely the first example of a
noncollinear amplitude modulated (NCAM) structure as pos-
tulated for GdCo,Ge, by Rotter et al.!
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