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We report NMR studies of TbCoGas, which has the tetragonal HoCoGas structure and exhibits two
antiferromagnetic (AF) transitions at 7y; = 36.2 K and Tx, = 5.4 K. From a symmetry analysis of internal
magnetic fields at orthorhombic Ga sites, we have successfully determined the magnetic structures in the AF-I
(Tna < T < Tni) and AF-II (T < Txp) phases. The AF-I phase is a collinear AF order with a propagation
vector ¢ = [1/2,0,1/2] and ordered moments parallel to the [001] direction. In the AF-II phase, on the other
hand, we found a noncollinear AF structure described by double propagation vectors g1 = [1/2,0,1/2] and
q2» = [0,1/2,1/2], where the moments tilt away from the [001] direction toward [100], keeping a constant value
along the [001] direction. In the context of these results, we discuss the possible presence of magnetic frustration

in this system.
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I. INTRODUCTION

Intensive studies have been performed on compounds with
the tetragonal HoCoGas-type structure (the so-called 115
systems) over the past few decades.! Although this research
was stimulated initially by the discovery of unconventional
superconductivity in Ce- and Pu-based compounds,” the
richness of their magnetic behavior has also attracted con-
siderable attention. The interplay between superconductivity
and magnetism is a central issue in studies of the 115 systems.

TbCoGas has recently been reported to exhibit two succes-
sive magnetic transitions, at Ty; = 36.2Kandat Ty, = 5.4 K.°
This compound also possesses the 115 structure, as shown
in Fig. 1.7 The susceptibility along the ¢ direction exhibits
a clear peak at Tyj, while the susceptibility along the a
direction increases progressively with decreasing temperature
below Ty, showing a rather sharp peak at Ty,.%° Magnetic
entropy data suggest that the degeneracy of internal degrees
of freedom is not fully lifted above Tn,. Thus the com-
pound has been proposed to exhibit successive “components-
separated”’antiferromagnetic (AF) transitions, where the ¢
components of the Tb magnetic moments order at Ty;, while
the @ components order only at Ty,.5"

Neutron-diffraction (ND) measurements have also been
performed recently on a powder sample of TbCoGas.!? Based
on ND data, the propagation vector ¢ = (1/2,0,1/2) has
been deduced for both the AF-I (Tyo < T < Tn1) and AF-II
(T < Tn2)phases. Rietveld analysis has suggested that ordered
magnetic moments lie parallel to the ¢ axis, with a magnetic
moment value of 8.32 up for the AF-I phase, which is 92.4%
of the full moment of the Tbt ion. For the AF-II phase,
four possible models of magnetic structure, two collinear
and two noncollinear, have been proposed. However, these
four structural models are not distinguishable, in principle, by
means of ND data alone, because of the tetragonal symmetry
of the crystal.

In this work, we have performed *7! Ga antiferromagnetic
nuclear magnetic resonance (AFNMR) under zero magnetic
field. From a symmetry analysis of internal magnetic fields
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induced by the ordered Tb moments at orthorhombic Ga
sites, we have determined magnetic structures in both the
AF-I and the AF-II phases. We have confirmed a collinear
structure proposed on the basis of ND measurements in the
AF-I phase. On the other hand, for the AF-II phase, we have
found a noncollinear structure described with two different
propagation vectors. Based on these results, we then proceed
to discuss magnetic interactions in this system.

II. EXPERIMENTAL RESULTS

Single crystals of TbCoGas were grown by the self-flux
method. Details of sample preparation are given elsewhere.’
The AFNMR measurements have been performed using
several small pieces of single crystal. The frequency-swept
AFNMR spectra were obtained by stepwise summing of
the spin-echo signal intensity, using a conventional pulsed
spectrometer with an autotuning NMR probe.

In the 115 structure (P4/mmm), there are two inequivalent
Ga sites, Gal (1c site) and Ga2 (4i site). The internal field
on the Gal is canceled for the in-plane propagation vector
of the AF arrangement. In this study, we focus on the Ga2
site with orthorhombic symmetry. Nuclear gyromagnetic ratio
values are ®yy /27 = 1.0220 MHz/kOe and "'yy /27 =
1.29855 MHz/kOe for ®*Ga and "'Ga nuclei, respectively.
Both Ga nuclei have a nuclear spin / = 3/2 larger than 1/2,
so there are nuclear quadrupolar interactions. The directions
of their electric-field-gradient (EFG) tensor principal axes X,
Y, and Z are shown in Fig. 1. These were deduced by analogy
with other 115 compounds,'!> and were also confirmed
experimentally with NMR under external field, as is described
later. The EFG components Vxx, Vyy, and Vz;z obey the
relations VZZ > Vyy > VXX and VZZ + Vyy + VXX = 0.The
asymmetry parameter 7 is defined as n = (Vxx — Vyy)/Vzz.

Figure 2 shows the frequency-swept AFNMR spectrum
obtained at 9 K (the AF-I phase). Arrows indicate the peaks
arising from the Ga2 sites of TbCoGas. These peaks have
extremely short 7, and thus disappear when we used t of

©2011 American Physical Society


http://dx.doi.org/10.1103/PhysRevB.84.214403

YO TOKUNAGA et al.

Gal
Tb
X
@| A9
Ga2 | @ . °Y o)

79> ®)
‘(1) __

Co
¢ 7
B(S) (7 ¢

o (6)

W/

—4f
)
(&)

Ga2

a(b) °

a

FIG. 1. (Color online) Crystal structure of TbCoGas. There are
two inequivalent Ga sites called Gal on top or bottom of the unit cell
and Ga2 on the vertical faces. The local principal axes for the EFG at
Ga2 (1) are indicated as X, Y, and Z. The local principal axes at Ga2
(2), (3), and (4) are obtained by successive 7 /4 rotation of (X,Y,Z)
along the ¢ direction. Vxy, Vyy, and V7 correspond to the X, Y,
and Z axes, respectively. The numbering shown for Ga2 sites is for
discussion in the text.

more than 30 us, where t is the time between the excitation
pulse and the refocusing pulse. The peaks also show relatively
large frequency shifts with temperature. Although we used
the shortest possible 7 of 10 s in this work, the signals
from the Ga2 sites were detected only below 20 K, owing
to further shortened 7, values near Ty;. The other peaks
in Fig. 2 probably arise from an unknown impurity phase
including Ga nuclei. The latter peaks have much longer 7, and
exhibit no frequency shift with temperature, thus were easily
distinguishable from the Ga2 peaks. Note that the volume
of the impurity phase is not very large. In the AF-II phase,
where the intensity of Ga2 peaks recovers dramatically with an
ordinary 7, value, the intensity of the impurity peaks becomes
negligibly small in comparison.

Next, in order to extract the EFG parameters (57! Vo and 1)
and the internal fields (Hj,) at the Ga2 sites from the AFNMR
spectra, we have performed numerical simulation using a diag-
onalized total Hamiltonian matrix, which consists of the NQR
Hamiltonian and a Zeeman term coming from the internal
field (ynhlI - Hine). In the simulation, vy, 1, and % Hiy, are
fitting parameters, while "'vy and 7! Hiy are calculated from
v and % Hiy using the known ratios ® Q /"' Q and ®y /7'y,
respectively. We found that the spectrum in the AF-I phase
is well reproduced as a superposition of spectra from two
inequivalent Ga2 sites; these have the same EFG parameters
but different internal fields. The H;,, appears parallel to X for
one of the Ga2 sites and parallel to Y for the other. For later
discussion, we label them as Ga2A and Ga2B, respectively.
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FIG. 2. (Color online) (a) %7'Ga AFNMR spectrum at 9 K
(AF-I phase). Arrows indicate the peak assignments to Ga2 sites
in TbCoGas. (b) Simulated spectra for the Ga2A and Ga2B sites. The
simulated spectra are convoluted with a Gaussian function having a
natural width of ~150 kHz. The EFG parameters and internal fields
for each site are summarized in Table I.

The values of EFG parameters and Hj, so obtained are
summarized in Table I.

InFig. 3, we show the AFNMR spectrum in the AF-II phase.
Below Tnp, the peaks from the Ga2B suddenly disappear and
then reappear at different positions at lower temperatures. The
spectrum in the AF-II phase now consists of peaks from three
inequivalent Ga sites, Ga2A, Ga2B™, and Ga2B ™. The peaks
from the Ga2A sites occupy similar positions above and below
T2, indicating that their EFG parameters and the Hj, are
almost the same as those in the AF-I phase, as shown in Table I.
On the other hand, the Ga2B™ and the Ga2B~ sites have the
same EFG parameters, but different magnitudes for the Hjy.
H;, is enhanced at the Ga2B™ site, while it is diminished at
the Ga2B~ site below Ty, although the orientation of Hiy
remains parallel to Y for both sites.

Finally, to confirm the directions of the EFG tensor axes,
we have measured a field-swept NMR spectrum by applying
an external field (He) parallel to the ¢ axis on a single
crystal. Figure 4 shows the NMR spectrum obtained at 1.5 K.
The spectrum consists of the sets of NMR peaks from Gal,
Ga2A(P), Ga2A(AP), Ga2B™~, and Co sites. The large
splitting of the Ga2A is due to the Hi, along the He. The
Ga2A(P) and the Ga2A(AP) are the sites where the Hjy
appears parallel and antiparallel to the H.y. The separation
between the Ga2A(P) and the Ga2A(AP) corresponds to
2Hiy ~ 48 kOe, and thus Hj, ~ 24 kOe. This gives good
agreement with the value estimated from the AFNMR (Table I)
and, further, corroborates our choice of the directions of the
EFG tensor axes. For the Gal and the Co sites, the sets of NMR
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TABLE 1. EFG parameters and internal fields at Ga2 sites at 9 K (AF-I phase) and 1.5 K (AF-II phase).

AFM I (9 K) AFMII (1.5 K)
Ga2A Ga2B Ga2A Ga2B* Ga2B~
%, (MHz) 26.44 26.55 26.40
vy (MHz) 16.70 16.77 16.55
n 0.44 0.45 0.435
Hiy (kOe) 22.9 (|l Vxx) 11.6 (| Vyy) 23.3 (Il Vxx) 19.6 (| Vyy) 2.3 (I Vyr)

peaks provide vy = 12.17 MH and "'v, = 7.68 MHz with
n=0(Vzz |l ¢),and* vy = 0.542 MHz withn = 0(Vzz | ),
respectively. Cancellations of the internal field at both the
Gal and the Co sites coincide with the propagation vector
q = (1/2,0,1/2). Details of the NMR studies on the single
crystal will be described in a separate paper.

III. DISCUSSION

Now we proceed to identify magnetic structures based on
the AFNMR results. The splitting of the Ga2 in the AF-I

(@) :
\f 7=1.5K

phase indicates a break of the tetragonal rotation axis in
the AF-I phase, and thus is coincident with the propagation
vector obtained from ND measurements.!? This propagation
vector induces an order in a stripe fashion in the ab plane
(i.e., TbGa plane). If the propagation vector is of the form
[1/2,1/2,z] or [0,0,z], the magnetic structure does not break
the tetragonal rotation axis, and thus there is no splitting of
Ga2 NMR spectra under zero field.!'"'* With the propagation
vector ¢ = (1/2,0,1/2), we can construct five basic models
of AF structure based on a representational analysis of the
crystallographic space group P4/mmm, assuming all the Tb>*+
ions carry the same moment (i.e., no spin-density wave).'”
Figure 5 shows the five structural models, where thin arrows
represent Tb moments. The moments order along the ¢ axis for
model (A), while along the a and b axes for models (B) and (D),
and models (C) and (E), respectively. Further, the propagation
vector is ¢ = [1/2,0,1/2] for models (A), (B), and (C), while
itis ¢ = [0,1/2,1/2] for (D) and (E), respectively.

A. Symmetry analysis of internal fields

The internal fields at nonmagnetic ligand sites originate
from the spin-density distribution of magnetic ions through
the dipolar and transferred hyperfine (HF) interactions. The
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FIG. 3. (Color online) (a) ®7'Ga AFNMR spectrum at 1.5 K
(AF-II phase). Arrows indicate the assigned peaks to Ga2 sites. (b)
Simulated spectra for Ga2A, Ga2B™, and Ga2B ™ sites. The simulated
spectra are convoluted with a Gaussian function having a natural
width of ~150 kHz. The EFG parameters and internal fields for each
site are also summarized in Table 1.
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FIG. 4. (Color online) Field-swept NMR spectrum obtained by
applying an external field parallel to the ¢ axis on a single crystal
of TbCoGas. In the figure, we also show the result of numerical
simulation for °>7'Ga nuclei performed using a diagonalized total
Hamiltonian matrix.

214403-3



YO TOKUNAGA et al.

TABLE 1II. HF fields on the Ga2 sites for model (A) described
with m = [0,0,m,] with ¢ = [1/2,0,1/2].

Model (A)
Ga2A Ga2B
(1,3,5,7) (2,4,6,8)
hz 0 0
hy 0 +2¢1,m,
hX :|:2631mz 0

transferred HF interaction arises from the orbital hybridization
effect. Evaluating such an effect would require a complete
solution to the quantum chemistry of the hybridization process,
which is not available. However, even without the complete
solution, we can deduce possible directions for the internal
field at a nonmagnetic ligand site on the basis of symmetry
analysis.'"'>!5 The induced magnetic field at a ligand site
never breaks the symmetry of the magnetic sublattice.'>

From the symmetry analysis, one can construct an invariant
form for HF interactions at each ligand site.'®"'° For Ga2 sites
in the 115 structure, the invariant form of HF interactions has
been derived by Kiss and Kuramoto.'® Using their invariant
form, we have deduced the possible directions of the internal
field on the Ga2B for the five structural models. The results
obtained are represented by fat arrows in Fig. 5.

Then, by comparing the results with the experimental
observations, we can conclude that the magnetic structure
corresponds to model (A) for the AF-I phase. Table II
summarizes the HF fields derived using the invariant form of
the HF interactions for model (A). Here, iy, hy, and hz denote
the internal fields induced along the local principal axes X, Y,
and Z for each Ga2 site, respectively. The ¢;; are independent
constants, which are not determined by the symmetry alone."’
The arrangement of the Ga2(1)—(8) sites is shown in Fig. 1.
As shown in the table, the Ga2 sites split into two inequivalent
sites; Hine appears parallel to X at the Ga2A [Ga2(1,3,5,7)],
while parallel to the Y at the Ga2B [Ga2(2,4,6,8)]. These
findings are consistent with experiment.

A splitting of the Ga?2 sites is also expected for the other
structural models; however, these models do not correspond
to experiment. As seen in Fig. 5, models (B) and (E) induce
fields Hjy parallel to X and Z, despite the fact that the Hjy
lie parallel to X and Y in the experiment. On the other hand,
models (C) and (D) require that one of the Ga2 sites must
have Hj, = 0, but experimentally this is not the case. Thus
we can conclude that the ordered structure of the AF-1 phase
corresponds to model (A).

For the AF-II phase, the propagation vector is still ¢ =
(1/2,0,1/2),'° and thus we consider four mixed models:
(A) + (B), (A) + (O), (A) + (D), and (A) + (E).'% The first
two models form collinear structures described with a single
propagation vector q¢ = [1/2,0,1/2], while the latter two
models result in noncollinear structures described with double
propagation vectors ¢ = [1/2,0,1/2] and ¢, = [0,1/2,1/2].
Tables III and IV present the induced HF fields for these
four models. We have found that the additional splitting of
the Ga2 sites occurs only for the latter two models, namely,
the splitting is associated with the second propagation vector
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TABLE III. HF fields on the Ga2 sites for models (A) + (B)
and (A) + (C). The models are described with m = [m,,0,m_]
and [0,m,,m_] with a single propagation vector ¢ = [1/2,0,1/2],
respectively.

Model (A) + (B) Model (A) + (C)

Ga2A Ga2B Ga2A Ga2B
(1,3,5.7) (2,4,6,8) (1,3,5,7) (2/4,6,8)
hZ :l:2(,’21mx 0 0 0
hy 0 :|:261sz :I:ZC“my :|:2c12mz
hx :l:2631mz :l:2632mx :|:26‘311’I’lz 0

¢>. Furthermore, this splitting occurs at the Ga2B for model
(A) + (D), while it is at the Ga2A for model (A) + (E). The
experimental data require a splitting at the Ga2B, keeping the
Ga2A equivalent, and thus the only possible solution is model
(A) + (D).

For model (A) + (D), an a component of the Tb moments
appears newly in the AF-II phase. The contribution from the
a component is canceled out on the Ga2A, while it induces
an additional internal field of 2c¢i1m, on the Ga2B sites, as
seen in Table I'V. This additional internal field enhances the
total Hj, to become 2(ciom; + c11my) at the Ga2B™, while
it reduces Hj, to become 2(cjpm, — c1ymy) on Ga2B~ (here,
2cpm, corresponds to Hjy in the AF-I phase). These are all
consistent with the experimental observations, and thus we can
conclude the ordered structure in the AF-II phase to be model
(A) + (D). The ordered structures obtained for the AF-I and
AF-II phases are shown in Fig. 6.

In Fig. 7, we show the temperature dependence of Hj, for
the Ga2A. As shown in Tables II and IV, this Hj, reflects only
the ¢ component of the Tb moment (=2¢3,m ) in both the AF-I
and AF-II phases, since the a component in the AF-II phase is
canceled out at the Ga2A. As seen in the figure, H;, increases
gradually and smoothly with decreasing temperature, and there
is no anomaly at Typ. In the same temperature region, the ND
data indicate that the total value of the Tb moment increases
rapidly below Ty».! This discrepancy between the AFNMR
and ND results tells us that the @ component of the Tb moment
develops without changing the value of the c component below
Tno. This result is supportive of the successive components-
separated phase transitions proposed for this compound.®!”

B. EFG parameters in the AF ordered states

Concerning the EFG parameters vy and 7, all of the Ga2
sites remain equivalent in the AF-I phase, although they are
split into the Ga2A and the Ga2B by H;,. They only develop
inequivalent EFG parameters below Tn,. This behavior can
be understood in terms of the quadrupolar HF interactions
ascribed to Tb 4 f electrons. For the 115 structure, an invariant
form of the quadrupole HF interaction has also been derived
in a previous paper.'’

In the AF-I phase, the ordering of the dipoles along the
¢ axis (J;) induces homogeneous Oy, quadrupoles, even if
there is no interatomic quadrupolar interaction among them.
However, the quadrupole moment (Op,) is nonzero even in
the paramagnetic state because of the tetragonal symmetry of
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TABLE IV. HF fields on the Ga2 sites for models (A) + (D) and (A) + (E). The models are described with m = [m,,0,m_] and [0,m,m,]
with double propagation vectors ¢; = [1/2,0,1/2] and ¢, = [0,1/2,1/2].

Model (A) + (D)

Model (A) + (E)

Ga2A Ga2B* Ga2B~ Ga2A* Ga2A~ Ga2B
(1,3,5.7) (2.8 (4,6) (1,7 (3.5) (2,4,6,8)
hZ 0 0 0 0 0 :i:2c21my
hy 0 E£2(ciom; + ciimy) £2(ciam; — crimy) 0 0 +2¢pm;
hX :i:2c;1mz 0 0 :i:2(c‘31mz + C32my) :l:2(6‘31mz - C32my) 0

the crystal. Therefore, the EFG parameters derived from the
homogeneous Oy, moments never split the Ga2 NMR spectra,
consistent with experimental results. The uniformity of the
EFG tensors at the Ga2 sites also ensures that the tetragonal
symmetry of the crystal is still preserved in the AF-I phase,
even though the ordered structure breaks the tetragonal rotation
axis.

With dipolar order (J;) # 0, the local symmetry is reduced
to Cy, from Dy,.'” Within the Cs, symmetry, the dipoles
(Jy) mix with the quadrupoles O, in the same irreducible
representation. Thus the ordering of (J,) in the AF-II phase
induces a homogeneous quadrupole component O, . From the
invariant form of the quadrupolar HF interaction, we know that
the O,, induces nonzero values for the EFG tensor components
of Vzx and Vxy for the Ga2A and the Ga2B, respectively.
Therefore, the EFG parameters can be inequivalent between
these two sites. (The Ga2B™ and the Ga2B ™ are equivalent for
the O,,, as observed also in the experimental results.)

@ ‘ ©
T T
PR @
T |9 =
| > -

q=11/2,0,1/2] q=11/2,0,1/2] q=11/2,0,1/2]

(d) (e)

N
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q=[0,1/2,1/2]

q=[0,1/2,1/2]

FIG. 5. (Color online) Models for the AF structure of TbCoGas
developed on the basis of ND results. The thin arrows denote the
magnetic dipole moments of the Tb ions. The fat arrows indicate the
HF field at Ga2 sites.

C. Magnetic interactions

Now we discuss magnetic interactions in TbCoGas. As
shown in Fig. 6, the Tb moments order in a stripe fashion
on the square TbGa lattice in the AF-I phase. In the square
lattice, however, the stripe order is not stabilized with nearest-
neighbor couplings alone. One is required to include both
nearest-neighbor J; (along the side of the square) and next-
nearest-neighbor J, (along the diagonal) antiferromagnetic
interactions. Such a frustrated J;-J, model has been studied in-
tensively for the two-dimensional Heisenberg antiferromagnet
on a square lattice.’” These studies have shown that the Néel
order of the pure J; model is stabilized for J,/J; <« 0.5, while
the stripe order is established for J,/J; > 0.5. In the TbGa
plane, we expect J; & J,, since effective magnetic interactions
would be mediated via Gal orbitals, which are located at the
centers of the lattice squares.

It is also likely that such an in-plane frustration is respon-
sible for the emergence of the noncollinear magnetic structure
in the AF-II phase. In general, a noncollinear structure occurs
to reduce the extent of magnetic frustration, and hence is
often observed in a compound with geometric frustration.
In the 115 structure, there is no geometric frustration, but
we can expect a measure of in-plane magnetic frustration
by the mechanism mentioned above. Of course, the actual
situation would be more complicated. A possible occurrence
of frustration phenomena caused by the competition between
dipolar and quadrupolar interactions has been discussed

(@) AF-I (Tn< T < Tw) (b) AF-IT (T'< T)

q,=[1/2,0,12] ¢,=[0, 112, 1/2]

q=[1/2,0,1/2]

FIG. 6. (Color online) Magnetic structures for (a) the AF-I and
(b) the AF-II phases, respectively.
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FIG. 7. (Color online) Temperature dependence of Hj, at the
Ga2A sites. This value is proportional to the ¢ component of the Tb
moment in both the AF-I and AF-II phases.

for this compound.®® As for successive transition behav-
iors observed in Npl15 systems,'>2!=23 the importance of
quadrupolar interactions has been noted in the theoretical
papers.19’26’27 In addition, the intra-atomic interactions, such
as the crystal-field effect and spin-orbit coupling, would also
be important. Further experimental and theoretical efforts are
needed to understand the complex magnetism of this system.
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IV. SUMMARY

From analysis of the internal fields at Ga2 sites, we have
determined the magnetic structures of the AF-I and the AF-1I
phases of TbCoGas. The AF-I phase is a collinear AF order
with the propagation vector g = [1/2,0,1/2] and with ordered
moments parallel to the ¢ axis. This is in accordance with the
ND measurements. In the AF-II phase, on the other hand,
we found a noncollinear AF structure described with double
propagation vectors ¢; = [1/2,0,1/2] and ¢, = [0,1/2,1/2].
Interestingly, the AFNMR reveals that the ¢ component of
the Tb moments does not change value between the AF-I
and the AF-II phases, even though an @ component is newly
developed in the AF-II phase. The EFG parameters indicate
the appearance of a homogeneous quadrupole component O,
in the AF-II phase.

In 115 systems, a surprisingly wide variety of or-
dered structures has been discovered for this single-crystal
structure.'323:2428-30 The richness of their magnetic structures
implies that their intra- and interatomic interactions are rather
complex. We suggest that these complexities may arise in
part from the frustrated magnetism hidden in the square plane
lattice.
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