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Crystal field excitation in the chiral helimagnet YbNi;Aly

Mitsuru Tsukagoshi, Suguru Kishida, Kenshin Kurauchi, Daichi Ito, Koya Kubo, and Takeshi Matsumura
Department of Quantum Matter, ADSE, Hiroshima University, Higashi-Hiroshima 739-8530, Japan

Yoichi Ikeda
Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan

Shota Nakamura and Shigeo Ohara
Department of Physical Science and Engineering, Graduate School of Engineering,
Nagoya Institute of Technology, Nagoya 466-8555, Japan

® (Received 26 October 2022; revised 8 March 2023; accepted 17 March 2023; published 28 March 2023)

A crystal field level scheme of a uniaxial chiral helimagnet YbNi3Alg, exhibiting a chiral magnetic soliton
lattice state by Cu substitution for Ni, has been determined by inelastic neutron scattering. The ground and the
first excited doublets are separated by 44 K and are simply expressed as «|£7/2) + B|F5/2), with « and B nearly
equal to 1/+/2. The easy axis of the crystal field anisotropy is the ¢ axis when the excited levels are populated
at high temperatures and high magnetic fields. On the other hand, the magnetism at low temperatures and low
magnetic fields, where only the ground doublet is populated, is described by an easy-plane anisotropy which may
be treated as an S = 1/2 system with an anisotropic g factor, g,, = 3.02 and g, = 1.14. An orbital-dependent
exchange interaction is also discussed to explain the temperature dependence of the magnetic susceptibility based

on this level scheme.
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I. INTRODUCTION

In chiral magnets with neither a space inversion center
nor a mirror reflection plane, Dzyaloshinskii-Moriya antisym-
metric interaction arises in addition to the normal symmetric
exchange interaction, resulting in a helimagnetic structure
with a unique sense of rotation. This effect gives rise to
a nontrivial magnetic structure in magnetic fields applied
perpendicular to the helical propagation vector ¢ in uniax-
ial helimagnets, where ¢ is parallel to the principal axis in
the tetragonal, hexagonal, or trigonal crystal systems. This
is called a chiral magnetic soliton lattice, a periodic array
of helimagnetic kinks in a ferromagnetic background [1-3].
YbNi3Alyg, belonging to a rhombohedral space group R32, has
been attracting interest as a rare-earth helimagnet exhibiting
such nontrivial magnetic structures. However, the 4 f electron
state of the Yb* ion (L =3,5=1/2,J =7/2,g=28/7) in
the crystalline electric field (CEF) of YbNi3Alg has not been
understood well.

YbNi3Alg exhibits a helical magnetic order below Ty =
3.4 K with ¢ = (0, 0, 0.82), with its magnetic moments lying
in the ab plane and propagating along the ¢ axis [4—10]. When
a magnetic field is applied perpendicular to the ¢ axis, the
helical order jumps to a forced ferromagnetic state at 0.1 T. In
Cu-substituted systems Yb(Ni;_,Cu,);Alg, the critical field
increases to 1.0 T and a chiral soliton lattice state is realized
before the transition to the ferromagnetic state [11-13]. For
H || c, the magnetization curve M (H ) exhibits a monotonic
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increase without a detectable anomaly at the transition from
the expected conical state to the induced ferromagnetic state.
These properties may suggest an easy-plane anisotropy of
the CEF ground state. It is remarked, however, that although
H || cis ahard axis at low temperatures and low fields, M.(H )
overtakes M,,(H) above ~4 T [4,13,14]. To proceed with
further study on the chiral magnetism in this rare-earth sys-
tem, knowledge of the CEF level scheme is indispensable.
Although the energy levels have been estimated from the
Schottky anomaly in specific heat and possible CEF param-
eters are proposed by the analysis of the M (H) curves [4,14],
the level scheme should be confirmed by inelastic neutron
scattering (INS), which is the most direct method to observe
the magnetic excitations.

This paper is organized as follows. After describing the
experimental procedure in Sec. II, we present in Sec. III
the results of the INS experiment and the analysis using
the single-ion CEF model. The INS spectrum consists of
well-defined magnetic excitations. The level scheme we con-
clude explains the intensity ratio between the peaks and
the temperature (7') dependence fairly well. In Sec. IV A,
we apply the single-ion CEF model to explain the magne-
tization curves, T dependence of the lattice parameters of
c and a, and the Schottky anomaly in the magnetic spe-
cific heat. In Sec. IV B, we discuss the detailed properties
of magnetic susceptibility that cannot be explained by the
single-ion model only. It is necessary to consider that the
exchange interaction between the CEF ground states is ferro-
magnetic, whereas the interaction involving the excited state
is antiferromagnetic. We discuss this model as an orbital-
dependent exchange interaction, which is also associated

©2023 American Physical Society
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FIG. 1. Inelastic neutron scattering spectra of polycrystalline
YDbNi;Alg at 10, 30, and 50 K. The solid lines are the fitting results in
which the peak intensities, f;; in Eq. (5), were fixed to the calculated
values for the single-ion CEF model after taking the powder average.
The dashed and the dotted lines are the profiles of the constituent
peaks. The horizontal bars represent the instrumental energy resolu-
tion (full width at half maximum).

with the T dependence of the CEF excitation in the INS
intensity.

II. EXPERIMENT

Single crystals of YbNi3Alg were prepared by an Al-flux
method following the procedure described in the literature
[11]. An INS experiment has been performed using the triple-
axis thermal neutron spectrometer TOPAN installed at the
research reactor JRR-3, Japan Atomic Energy Agency, Tokai,
Japan. A monochromatic incident beam was obtained by using
the 002 Bragg reflection of pyrolytic graphite (PG) crystals.
The energy of the scattered neutrons was analyzed using a
PG-002 analyzer at a constant final energy E; = 13.5 meV.
A PG filter was placed before the third collimator to cut
the higher harmonic neutrons. A sapphire filter was inserted
before the second collimator to reduce the background. The
collimator setting was open-30'-30'-60". The measurement
was performed using a collection of small pieces of single
crystals with a total mass of 5.59 g consisting of more than
1000 pieces, which was wrapped in aluminum foil and sealed
in an aluminum cell with helium exchange gas. The sample
was cooled by using a closed-cycle refrigerator. The scattering
vector was fixed at O = 1.94 A~! so that no Bragg diffraction
was superimposed at the elastic position.

III. RESULTS AND ANALYSIS

Figure 1 shows the inelastic neutron scattering function
S(E), where E represents the energy transfer £ = E; — Ey.
The observed intensity /(E) has been converted to S(E) by
correcting for the E;-dependent monitor efficiency. The back-
ground intensity from the empty cell has been subtracted,
which was measured under the same experimental condition.
At the lowest temperature of 10 K, two inelastic peaks are
clearly observed at 3.8 and 5.9 meV. The widths are almost
resolution limited, suggesting an almost dispersionless mode.
At elevated temperatures of 30 and 50 K, the intensities of
the two peaks decrease and that around 2 meV increases,
indicating that the two former peaks are the CEF excitations
from the ground state to the excited states and the latter is
due to the excitation from the 3.8 meV state to the 5.9 meV
state. No significant signal was observed above 10 meV up
to 22 meV. From the analysis of the specific heat of a non-
magnetic reference compound LuNi;Aly, the phonon Debye
energy is estimated to be ~16 meV and the density of states is
expected to extend up to approximately 50 meV. Therefore,
the negligibly small signal above 10 meV shows that the
phonon contribution is small and the inelastic signals below
10 meV can be ascribed to the magnetic excitations between
the CEF levels. More detailed estimation of the phonon con-
tribution to the intensity, using the data at 250 K, is described
in the Supplemental Material (SM) [15].

Let us analyze the scattering function S(E) using the
single-ion CEF model. As proposed in Ref. [14], we assume
the following CEF Hamiltonian:

Hcer = B20020 + B4gOsg + BoOeo + BssOss

ay 0 0 0 0 0 ars 0
0 as 0 0 0 0 0 ars
0 0 a3 0 0 O 0 0
10 0O 0 aa O 0 O 0
~10 0O 0 0 aq 0 O U
0 0 0 0 0 a O 0
a;s 0 0 0 0 0 was 0
0 ars 0 0 0 0 0 ay

ey

where By, are the CEF parameters and Oy, are the Stevens
operator equivalents [16,17]. We neglect the Bs; and Bgs
terms, as explained later. The diagonal elements in (1) are
represented by a, = (£5|Hcer|E5). The Bgs term gives
the off-diagonal elements, which are represented by a7 =
(:I:% |HCEF|:F%)~ The CEF eigenstates are given by

lo12) = a|£1) - B|F3),

lo21) = B|£3) + | F3).

|@32) = |£3),

|@az) = |£3). 2

From the analysis of M (H ), the ground state is expected to be
either |¢;) or |¢,) with nearly equal coefficients, o =~ 8 [14].
The magnitudes of the nonzero off-diagonal elements for the
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magnetic dipole moment are

@12 yloas)| = VTla? — B21/2,
@1l l@21) | = 6laf],
@121y l@ag)| = V3181,
@2t ylpaz) = V3,
(@3 Veylas)| = V15/2. 3)

A full description of the matrix elements is given in the SM
[15]. If we assume ¢; to be the ground state, two excitations
to ¢, and ¢4 are allowed at the lowest temperature. Since
[(@1£|J-l@2+)| is larger than [(@i+|/yy|@4x)| When o =~ B,
the intensity ratio at 10 K implies that ¢, — ¢; = 44 K and
g4 — &1 = 69 K. To know €3, we need to observe the transition
between ¢3 and ¢4 at elevated temperatures.

Since no clear peak corresponding to this transition is
identified in the data at 30 and 50 K, we estimate &3 from the
Schottky anomaly in specific heat [4]. By calculating Cpae (T),
we see that g3 should be located between 60 and 80 K so
that Cpag(T) peaks at 20 K. If this is the case, &3 and &4 are
almost degenerate, and the inelastic peak corresponding to this
transition is expected to be less than 1 meV, which is hidden
in the elastic background in the present experiment.

An ideal case of @ = B = 1/+/2 is obtained when a7 = as.
In this case, a;s = 22 K gives the splitting ¢, — ¢; = 44 K,
which is equivalent to Bgs = 0.0231 K. By setting the un-
known energy &3 — ¢, we obtain the other three parameters.
For example, when ¢3 — ¢; = 64 K, then Byy = —1.393 K,
B4y = 0.0128 K, and Bgy = 0.00128 K are deduced, which
give a; = as = —22.25 K, a3 =24.75 K, and a; = 19.75 K.
Figure 2(a) shows the energy level scheme and the calculated
charge distribution [18].

The solid lines in Fig. 1 are the fits with the following
function:

CE _
SE) = 7 Zﬁ;P(E, Ay D), @
L]
2e /Rl (i) |pj) 2
= ) Q)
Z Ej— &

where P(E; A;j, I') represents the Lorentzian spectral func-
tion peaked at E = A;; with a half width at half maximum
(HWHM) I', which is assumed to be independent of the CEF
state. f;; is the theoretical intensity for the transition between
@; and ¢;. J| represents the magnetic dipole moment perpen-
dicular to the scattering vector. The fitting has been carried out
by using the calculated intensity for the ideal wave functions
with & = 8 = 1/+/2. Only the peak position Ajj=¢€;— &,
the HWHM, and the scale factor C were treated as fitting
parameters. This means that the intensity of the three inelastic
peaks corresponding to (i, j)=(1,2), (1,4), and (2,4) is fixed at
the calculated values, which are obtained by taking the powder
average. The intensity of the quasielastic peak centered at
E =0 was treated as a free parameter to fit the tail of the
elastic peak. The incoherent background at £ = 0 was also
included in the fitting. The fitting was carried out by taking
the convolution with the instrumental resolution. The resultant
parameters are summarized in Table I. The uncertainty values

Sl=5-1%5) Sl=5+173 |+ 3)
|(P1> Lkpz b <,D4>
0K 69K
60 - 80 K
b \il
(b) Al (c)

- ¢ o

FIG. 2. (a) Crystal field level scheme of YbNi3Alg. The energy
level of the |:|:%) state remains uncertain, which should be between
60 and 80 K. The arrows between the doublets represent the allowed
magnetic transitions in INS. (b) Top view of the local environment of
Yb and the 4 f charge distribution of the ¢; wave function. (c) Local
structure around Yb constructed from the nearest-neighbor Ni and Al
atoms.

represent 3o of the fit, where the experimental resolution was
assumed to be exact.

As shown by the solid lines in Fig. 1, the data are well ex-
plained by the calculated intensities based on the level scheme
and the wave functions shown in Fig. 2(a). The excitation
energy decreases and the HWHM increases with increasing
temperature. These results can be attributed to the exchange
interaction between the localized f electrons and the itinerant
conduction electrons [19-21]. The slight increase in the scale
factor C at elevated temperatures shows that the single-ion
CEF model is insufficient to explain the data. This point will
be discussed in Sec. IV B. Experimentally, the T dependence
of the total INS intensity is consistent with that of the static
magnetic susceptibility x (7). Since x(7) also deviates from
the single-ion CEF calculation, it is natural that the T depen-
dence of the INS intensity also deviates from the single-ion
CEF calculation. This will be explained by considering an
exchange interaction in a mean-field approximation.

It is noted that the sequence of ¢; and ¢, cannot be deter-
mined in the present experiment and analysis. It is associated
with the sign of Bgg and the sequence in Fig. 2(a) is reversed
if we take a negative Bgg, which does not affect the INS

TABLE 1. Parameters obtained from the fitting. The number
in parentheses represents the uncertainty in the last digits of the
parameter.

T (K) A (meV) Ay (meV) I' (meV) C

10 3.76(2) 5.93(4) 0.21(2) 37009)
30 3.60(2) 5.74(6) 0.34(3) 450(12)
50 3.48(3) 5.62(9) 0.48(3) 500(16)

104425-3



MITSURU TSUKAGOSHI et al.

PHYSICAL REVIEW B 107, 104425 (2023)

T T [

— | YbNisAlg 1[T=14K

£ 3FT=10K !

%

2 [ 1

= I Hlilc ][

s 2r -

§ C )

5 Hlc ]

c 1r - ]

()] L i

© L i

= L ] ]
o vt v v
0 5 10 0 5 10

Magnetic Field (T) Magnetic Field (T)

FIG. 3. Magnetization curves of YbNizAlg at 10 and 1.4 K for
H || cand H L c. Solid lines are the calculations for the single-ion
CEF model (see text).

spectrum. The relation of the charge distribution of ¢, illus-
trated in Fig. 2(b) and the atomic positions of Ni and Al is
also schematic; the relation between the CEF x axis and the
crystallographic a axis is unknown and has an ambiguity of
30° rotation. To clarify these points, a precise measurement
of the magnetic anisotropy in the ab plane could provide
useful information. More directly, nonresonant inelastic x-ray
scattering may resolve the sign of Bgs as has been applied
to determine the sign of By4 in tetragonal CeCu,Si, and
CeCu,Ge; [22,23]. Hard x-ray photoemission spectroscopy is
also a candidate method [24].

Since the local symmetry of Yb is C3 in a strict sense,
the B4y and Bgz terms should be included. This is because
the almost equilateral-triangular-prism-shaped environment
of the Yb ion, as illustrated in Fig. 2(c), is actually not the
perfect one. The upper and lower triangles are different and
twisted, which gives rise to Bs; and Bgs [25,26]. If these
terms exist, other off-diagonal elements appear in Eq. (1), |M)
and |M =+ 3) states mix, and therefore all three peaks should
arise at 10 K. However, the additional peak is too small to
be detected, which guarantees our assumption of the CEF
Hamiltonian in Eq. (1).

IV. DISCUSSIONS
A. Comparison with the bulk properties

To show the validity of the above CEF model, we compare
in Fig. 3 the calculated and measured M (H ) curves at 10 and
1.4KforH || cand H L c. The solid lines are the calculations
for the single-ion CEF model for the ideal wave functions with
o =B =1/v2and &3 — &, = 64 K. Note that the calculation
does not take into account the internal field due to the mag-
netic order and does not explain the low field region at 1.4 K.
The helical order in the ab plane is due to the larger diagonal
element of [(¢1+|Jxyl@i5)] = 1.32 than [(¢1+|/l¢1+)| = 0.5
(see SM for the full description of the matrix elements [15]).
The saturation moment of 1.5 pg for H L ¢ is also due to
these in-plane diagonal elements. The gradual increase at high
fields is caused by the mixing with the excited states. The
large off-diagonal element | (@ +|J;|@2+)| = 3 gives rise to the
Van-Vleck-type magnetization for H | ¢, which becomes im-
portant at high fields and at high temperatures. This causes the
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FIG. 4. Temperature dependences of the relative change in the
lattice parameters ¢ and a obtained from the (0 0 33) and (6 0 0)
reflection, respectively, by single-crystal x-ray diffraction. The solid
lines are the fitting results as explained in the text. The dashed and
dotted lines for Ac/c represent the background lattice contribution
and the magnetic contribution, respectively, for YbNizAly.

overtaking in the M (H ) curve at around 4 T. It is remarked that
the ¢ axis becomes the CEF easy axis at high fields and at high
temperatures when the excited levels are populated, whereas
the ab plane becomes the easy plane at low fields and at low
temperatures when only the ground doublet is populated. The
consistency with the data is improved compared to that in
Ref. [14].

Another CEF effect is observed in the T dependences of
the lattice parameter shown in Fig. 4, which were measured by
single-crystal x-ray diffraction using a laboratory-based Cu-
K, source. Ac/c takes a minimum at around 50 K. Although
this kind of minimum is often observed in valence fluctuating
Yb compounds [27], this case in YbNi3zAlg is more likely to
be associated with the CEF effect since Yb is almost trivalent
in the whole temperature range [7]. The lattice parameter ¢
shrinks when the excited CEF states are more populated.

The linear thermal expansion coefficient for a uniaxial
pressure pis expressed aso = (dL/0T),/L = kyC/V, where
V = AL is the volume of the sample with the length L and
the cross section A, k = —(dL/dp)r/L is the isothermal
compressibility, y the Griineisen parameter, and C the heat
capacity. By treating ky /V as a parameter for the c and a axes,
respectively, we can calculate Ac/c and Aa/a by modeling
the heat capacity. The background curves of the lattice part
were fit with the Debye and a constant density of states con-
tributions, which are shown by the solid lines for LuNizAlyg
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FIG. 5. Comparison of the magnetic specific-heat data at zero
field with the calculation assuming a single-ion CEF model described
in the text.

and the dashed line for YbNi3Aly. The 4f contribution to
Ac/c was treated as being proportional to the change in the
thermal average of the (3z> — r?)-type quadrupole moment,
(020)=(3(J2) =J( + 1}/2, ie,

(Ac/c)ay = K({O2)1 — (O20)7=0)- (6)

Since the diagonal elements for the four CEF doublet states
are (O2)1 = (O20)2 = 6,(020)3 = —4.5, (O2)4 = —7.5, and
the second-order Stevens factor for Yb** is positive, the
charge distributions of f electrons of ¢; and ¢, are elongated
along the ¢ axis and those of ¢3 and ¢4 are extended in the ab
plane. This leads to the decrease in ¢ when the excited levels
are more populated at elevated temperatures. We obtained
K =2.91 x 1073 for YbNi3Alg. The result of the fit is shown
by the solid and dotted lines in Fig. 4. In contrast to Ac/c,
Aa/a does not exhibit such a minimum. This is explained
by the fact that the (x> — y?)-type quadrupole moment, Oy, =
V3,2 = J)/2, and the xy-type quadrupole moment, Oy, =

V3 (JxJy + JyJy)/2, do not possess any diagonal element.

The calculated Cp,o(T') for the above level scheme with
e3 = 64 K is compared with the data in Fig. 5. The smaller
peak height of the data is probably due to the Kondo effect
[28]. In a Cu-substituted system with x = 0.06, the peak of
Crnag(T') shifts to the higher temperature and the magneti-
zation decreases [11,13]. These results show that the total
energy splitting increases and that o and B deviate from
1/ﬁ. For example, if we assume Byy = —1.5, By = 0.022,
Bgo = 0.0022, and Bgg = 0.024 K, the CEF level scheme be-
comes €1 =0, &0 =48.4, 5 =72.2, and g4 = 86.2 K, where
a =0.578 and B = 0.816. As shown by the dashed line in
Fig. 5, the tendency of the change in Cpag (') for x = 0.06 can
partly be explained. The decreasing tendency in M (H ) at high
fields by the Ni substitution is also partly explained as shown
in the SM [15]. In any case, the CEF level scheme for x = 0.06
needs to be studied in more detail. It is also necessary to take
into account the stronger exchange interaction for x = 0.06
with higher Ty (= 6.5 K) and Hc (= 1.0 T) than those for
x = 0. The solid line for Ac/c of Yb(Nipg4Cuggs)3Alg in
Fig. 4 is the same as that for YbNi3Alg. This is because the
T dependence of Ac/c is not as sensitive to this level scheme
as Ciag(T).

60

— YbNisAlg %
5 [ 7
§ 40 -
2 7L ]
é - -
X 20| -

T (K

FIG. 6. Temperature dependences of magnetic susceptibility
measured at 0.1 T. The data are taken from the literature [4]. The
dashed lines are the calculations for the single-ion CEF model. The
solid lines consider an orbital-dependent exchange interaction in a
mean-field approximation.

The almost ideal CEF states with o = 8 =1/+/2 in
YDbNizAlg are, of course, considered to be accidental. First,
the negative B,y prefers the |£7/2) state to be the ground
state, which makes the ¢ axis the easy axis. Second, the Byg
and Bgp terms lower the energy level of the |+5/2) state
and accidentally make them almost degenerate. Third, the
off-diagonal element due to the Bgs term mixes these states
and lifts the degeneracy, and thereby allows the in-plane J ,
moment to have a large diagonal element. The ground doublet
can therefore be treated as an S = 1/2 spin system with an
anisotropic g factor, where g,, = 3.02 and g, = 1.14.

B. Orbital-dependent exchange interaction

Although the CEF level scheme deduced from the INS
data analysis generally explains the bulk properties well,
the single-ion CEF model is insufficient to explain the T
dependence of the INS intensity in detail as shown by the
T-dependent scale factor, which should, in principle, be a
constant. This is a natural consequence because the single-ion
CEF model itself is insufficient to explain the static mag-
netic susceptibility in detail, especially at low temperatures
where the exchange interaction plays an important role. In
Fig. 6, we compare the inverse magnetic susceptibility with
the calculation for the single-ion model with €3 = 64 K and
o = B = 1/+/2 as assumed in this paper. For H || ¢, the data
are well reproduced by the single-ion model in the whole
temperature range. For H || a, the data at high temperatures
above 50 K, where the CEF excited levels are populated,
can be explained by vertically shifting the calculated curve,
i.e., by considering a uniform antiferromagnetic exchange
interaction in a normal mean-field approximation. However,
with decreasing temperature, especially below 30 K where
the population of the ground state increases, the downward
curvature of the 1/x data is enhanced, suggesting an increase
in the ferromagnetic interaction. These features suggest that
the exchange interaction is not uniform and is dependent on
the CEF states. It is necessary to consider an orbital-dependent
exchange interaction [14].
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We assume that the molecular fields originating from
different CEF states have different effects [29]. The total
magnetic moment (@) in a weak magnetic field H is expressed
as the sum of the diagonal (Curie) and the off-diagonal (Van
Vleck) contributions,

() = > iy + D i) (7
ij

i

where (u;) represents the diagonal moment of the CEF state
lg;) and (u(;j)) is the Van Vleck moment induced between the
states |¢;) and |¢;). These moments are expressed as

(i) = X"V H + Y i) + D hamlugid |- (8)

J Jk

(win) = xgn | H + Z)\k[ij] (i) + ZMz‘j][kl](M[kl]) )
k ol

where Xi(o) is the Curie susceptibility of the CEF state |¢;) and
X[(i% is the Van Vleck susceptibility between the states |¢;) and
l¢;) in the single-ion calculation. A;;, Ak}, and A;jjx are the
mean-field exchange parameter between (u;) and (u;), (i)
and (ujx)), and (ppij)) and (upjx)), respectively. In the present
case with four CEF levels, we have 10 exchange parameters
(four Curie and six Van Vleck) in total. Then, to reduce
the number of parameters for simplicity, we approximate the
above equations as follows:

() = (1e) + (1), (10)
(e) = xOH + Aeelite) + Aev(p))s (11)
(1y) = XxOH + hev(1te) + 2w (i), (12)

where (u.) and (uy) are the Curie and the Van Vleck
moments, respectively. When A, = Ay = Ay (uniform ex-
change), we have a normal mean-field model.

The solid lines in Fig. 6 show the calculated 1/ curves ob-
tained by assuming {9 = 1) =5, 19 = 1) = -3, 19 =
—20, and A{9) = 0. Note that these parameters are renewed
from those in Ref. [14] by using the renewed CEF level
scheme in this paper. By introducing a ferromagnetic ex-
change between the Curie moments and an antiferromagnetic
exchange between the Van Vleck moments, the increase in
the ferromagnetic response in x, for H || a below 30 K is well
reproduced. This is due to the increasing contribution from the
Curie-term susceptibility of (@;+|J;|@i) with ferromagnetic
interaction. The ferromagnetic interaction of the ground state
is also a key parameter in determining the long-range ordering
temperature [30]. At high temperatures where the excited lev-
els are populated, the antiferromagnetic interaction becomes
more important.

Let us finally come back to the INS intensity. In Fig. 7,
we compare the experimentally obtained INS intensities at 10,
30, and 50 K with the calculated intensities for the single-ion
model. The intensity is expressed by /;; = Cf;; in Eq. (4); as
for the experimental intensity, C includes the 7 dependence
as summarized in Table I, whereas for the calculation C is a
constant. The experimental intensities deviate from the calcu-
lations at high temperatures. On the other hand, if we compare

T T T T T T T T T i
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Temperature (K)

FIG. 7. Temperature dependences of the integrated intensities of
the 1-2 (I}2), 1-4 (I14), 2-4 (I4), and 3-4 (34) inelastic transitions
between the CEF levels (left axis). The experimental data at 10, 30,
and 50 K are represented by the marks. The calculated intensities
for the single-ion CEF model are represented by the dashed (I, =
C f12), dot-dashed (I;4 = C f14), double-dot-dashed (/>4 = C f24), and
dotted (I34 = Cf34) lines. The scale factor C for the calculation is
fixed to the value at 10 K. The intensities of the quasielastic (QE)
peak and the total intensities are also shown by the marks. The open
circles indicated by .y, (right axis) are the temperature dependence
of the static magnetic susceptibility (2x, + x.)/3 (powder average),
obtained from the data in the literature [4]. The solid line indicated
by xcac represents the calculation for a mean-field model described
in the text. The constituent contributions from the Van Vleck and
the Curie terms are shown by the lines indicated by x4 and x&',
respectively. The scales of the left and the right axes are proportional
to each other.

the total magnetic intensity, including the quasielastic one,
with the static magnetic susceptibility after taking the pow-
der average [xexp = (2Xa + Xc)/3], they are consistent. This
shows that the total intensity is properly estimated. There-
fore, it is necessary to take into account the aforementioned
orbital-dependent exchange interaction to calculate the INS
intensity. In other words, the experimental INS intensities
of Iy, 114, and b4 include consequences of such exchange
interactions. In Fig. 7, the experimental I, 4+ I14 + L4 (not
including Iz4) is compared with X\c,'“{l,c, the Van Vleck part of
Xeale (& T12 + L4 + La + Ia). Also, the experimental Igg (in-
cluding /34) is compared with xéalc, the Curie part of ycqc (X
111 + Iy + I3 + I4). The T dependences of these intensities
are reasonably well reproduced by the mean-field calculation.

The T dependence of the intensity of the CEF excitation
is little affected by the exchange interaction between the lo-
calized f electrons and the conduction electrons when the
f electrons are well localized, as is the case in YbNisAlg.
Although the peak width is broadened and the effective exci-
tation energy is weakly modified by the exchange interaction,
the T dependence of the peak intensity changes little from
that of the single-ion model without exchange interaction
[19,20]. The deviation of the intensity from the single-ion
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calculation as shown in Fig. 7, therefore, cannot be explained
by the Kondo effect, but should be attributed to the inte-
rionic exchange interaction between localized moments. To
confirm the orbital-dependent exchange interaction proposed
here, more precise measurement of the 7' dependence of the
intensities is necessary, especially the measurement of the
quasielastic peak intensity by using cold neutrons, and thereby
separately analyze the Curie term and the Van Vleck term
susceptibilities.

V. SUMMARY

In summary, we have performed an INS experiment on
a uniaxial chiral helimagnet YbNi3Alg and determined the
CEF level scheme and the wave functions. The ground and
the first excited doublets are located at 0 and 44 K, re-
spectively, and are described approximately by (|+7/2) —
|F5/2))/+/2 or (|£7/2) 4+ |F5/2))/+/2, which consistently
explain the easy-plane anisotropy of the ground state and the
helimagnetic ordering in the ab plane. It also explains the
easy-axis anisotropy along the ¢ axis at high magnetic fields
and high temperatures where the excited levels are involved.
The |+3/2) state is at 69 K and the |41/2) state is expected
to be between 60 and 80 K. We also analyzed the static
magnetic susceptibility by taking into account the orbital-

dependent exchange interaction. With respect to the magnetic
susceptibility in the ab plane, the ferromagnetic interaction
between the diagonal magnetic moments of the ground dou-
blet plays an important role at low temperatures, whereas at
high temperatures the antiferromagnetic interaction between
the off-diagonal moments becomes important, which is also
reflected in the INS intensity.
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