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Microscopic Origin of Reduced Magnetic Order in a Frustrated Metal
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Although magnetic frustration in metals provides a promising avenue for novel quantum phenomena,
their microscopic interpretation is often challenging. Here, we use the face-centered cubic intermetallic
HoInCu, as model material to show that Hamiltonians neglecting the charge degree of freedom are
appropriate for frustrated metals possessing low density of states at the Fermi surface. Through neutron
scattering techniques we determine matching magnetic exchange interactions in the paramagnetic and
field-polarized states using an effective spin-1 Heisenberg Hamiltonian, for which we identify anti-
ferromagnetic nearest and next-nearest-neighbor interactions J; and J, that are close to the critical ratio
J»/Jy = 1/2. The study further provides evidence that spin-wave theory fails to predict the low-energy
spin dynamics in the antiferromagnetic zero-field state, which is dominated by overdamped magnetic
excitations. We conclude that the low-energy fluctuations arise from quantum fluctuations, accounting for
the missing moment of the strongly renormalized magnetic long-range order.
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Magnetic frustration arises in materials in which the
magnetic interactions cannot be satisfied simultaneously
due to constraints of the underlying lattice geometry or
because of conflicting exchange interactions. The resulting
degeneracy between frustrated ground-state configurations
can lead to strong fluctuations triggering unconventional
phases of matter, such as (quantum) spin liquids and other
exotic spin states that are of fundamental and technological
interest [ 1-7]. Progress in the microscopic understanding of
these exotic magnetic states is frequently achieved through
theoretical models, in which Heisenberg, Ising, or Kitaev
Hamiltonians are used to treat the nearest-neighbor
magnetic interactions [2,8]. These models are particularly
successful in describing insulating materials, where further-
neighbor interactions decay exponentially with distance
and higher-order spin interactions are weak. In contrast,
less research has been conducted on itinerant materials
[4,6], mainly because the dominating contribution of the
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charge degree of freedom leads to additional challenges.
Magnetic exchange interactions in metals typically origi-
nate from couplings of the conduction electrons with local
moments [9—12], which can trigger anisotropic exchanges
and strong further-neighbor and higher-order exchange
interactions. These contributions can either lift the degen-
eracy of magnetic ground states or trigger novel quantum
phases in metals [6,7,9,13] whose interpretation is often
challenging. In metals containing Ce, Eu, Sm, or Yb, the
situation is further complicated because favorable oxidation
states allow for a finite Kondo exchange coupling that
screens the local moments [14]. This makes it difficult to
unambiguously distinguish effects invoked by the Kondo
process from magnetic frustration.

Progress in our microscopic understanding of how
magnetic frustration is established in itinerant materials
can be gained with a stepwise approach, in which we focus
first on metals with only minor contributions of the charge
degree of freedom and without Kondo screening. In this
Letter, the intermetallic compound HolnCu, serves as a
representative example. Holmium features a stable +3
oxidation state, and the electronic density of states at the
Fermi surface in HoInCuy is strongly reduced [15]. The
material crystallizes in a face-centered cubic lattice struc-
ture (a = 7.178 A) that is prone to frustration [16-27].
This has been confirmed through a low Néel temperature
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FIG. 1. (a) lustration of the type-III antiferromagnetic (AFM)
structure. The propagation vector g = (1,3,0) in reciprocal
lattice units (rlu) splits the face-centered cubic lattice into two
independent sublattices, which are indicated with yellow and
gray sheets. The magnetic moments corresponding to each
sublattice are shown with blue and green arrows. J; and J,
indicate the magnetic nearest- and next-nearest-neighbor ex-
change interactions. (b) and (c) Color-coded background-sub-
tracted diffraction maps of HoInCuy in the (H, K, 0) plane
measured at temperatures above and below the Néel temperature
Tn = 0.76 K. The color bar represents the neutron intensity /.
(d) Simulated magnetic diffraction pattern at 7 =1 K were
obtained with the SPINTERACT software package [28] using
the mean of the refined parameters J; = 0.64(6) K and
J, =0.29(2) K.

Ty =0.76 K at which only a fraction of the magnetic
entropy is released and recovered solely at significantly
higher temperature [15]. Below Ty magnetic long-range
order is established in a type-III antiferromagnetic (AFM)
structure [see Fig. 1(a)] with propagation vector ¢ =

(1,1,0) in reciprocal lattice units (rlu). Intriguingly, the
ordered magnetic moment refined by neutron powder
diffraction is significantly lower than the ordered moment
expected from the crystal-field ground-state triplet [15].
These findings led to the proposal that HoInCuy hosts a
partially long-range ordered ground state [15].

Here, we study the microscopic origin of the magnetic
ground state. We unambiguously determine the nearest-
and next-nearest-neighbor interactions through neutron
diffraction and inelastic neutron scattering in the para-
magnetic (T > Ty, puoH =0T) and field-polarized
(T ~0 K, H> H,) states, respectively. These results are
used to discuss the nature of the antiferromagnetic state, for
which we observe overdamped excitations. We find that
they arise from quantum fluctuations that lead to moment

fluctuations down to lowest temperatures within a magnetic
long-range ordered state possessing a strongly reduced
ordered moment.

The study was conducted on the same well-characterized
HolInCu, single crystal as in Ref. [15]. The m = 630 mg
sample was aligned perpendicular to the ¢ axis, yielding a
horizontal (H, K, 0)-scattering plane in all neutron scatter-
ing experiments. The diffraction studies were performed on
the thermal and cold diffractometers ZEBRA and DMC
at the Paul Scherrer Institut (PSI), Switzerland [29].
On ZEBRA we used an incoming neutron wavelength
of 2 =1.383 A. The sample was cooled to temperatures
below T' = 0.1 K employing a cryostat with dilution insert.
Reciprocal space maps were taken with sample rotation
steps of 0.125°, and recorded with a position sensitive area
detector. The background was measured in two datasets
at 7 = 50 and 100 K, which were combined for the data
analysis. The background-subtracted diffuse neutron scat-
tering signal was analyzed with the SPINTERACT software
package [28]. An incoming wavelength 1 = 4.5189 A was
used for the experiments on DMC, using either dilution or
He inserts. The zero-field data of these two experiments
were combined by accounting for intensity differences and
systematic temperature shifts through overlapping data
points. The field dependence of the magnetic signal
was studied in a vertical 10 T cryomagnet at fields from
uoH =0 to 5 T with H||[0,0,1]. In all experiments at
DMC, the background was determined at 7 = 50 K. The
inelastic neutron scattering experiment was performed on
the multiplexing spectrometer CAMEA at PSI using a
dilution insert in a vertical 11 T cryomagnet to reach a base
temperature of 7 =40 mK [30,31]. Excitation spectra
were recorded with 1° sample rotation steps with energy
transfers E = 0-7 meV. We used incident energies
E; =3.38 and 4.04 meV yielding an elastic resolution
of 100 peV full width at half maximum (FWHM) to study
the low-energy zero-field excitations (£ < 0.9 meV) of
the material. For these data a background was taken at
uoH = 10 T for which the region E < 0.9 meV did not
contain any magnetic fluctuations. An E; =5 meV was
used for the scans under magnetic field, resulting in an
FWHM of 180 peV and E < 2 meV. Spin-wave calcula-
tions were performed through the Su(n)ny and SpinW software
packages [32,33]. Measurements up to £ =7 meV were
recorded to determine the crystal-electric field scheme at
zero field and were analyzed with PyCrystalField [34]. The
refined values from our single-crystal inelastic neutron
scattering experiment match those obtained from powder
samples [see Ref. [15] and Supplemental Material (SM)
[35], Note 1]. They show that the crystal-field ground state
is a triplet, justifying the approximation of an effective
spin-1 Hamiltonian at low temperature.

Figures 1(b) and 1(c) depict color-coded single-crystal
diffraction maps in the (H, K, 0) plane measured on
ZEBRA at zero field and T =1 and 0.1 K, respectively.
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Above Ty = 0.76 K the data reveal a diffuse magnetic
signal at reciprocal lattice positions with g = (1,1,0), in
agreement with the predicted paramagnetic susceptibility of
the type-III AFM order [26]. At T = 0.1 K < Ty sharp
magnetic Bragg peaks appear at the same wave vectors, but
are surrounded by a diffuse signal. The scattering signal
was fitted to a combination of two-dimensional Gaussian
and Lorentzian line shapes. Two Gaussian widths account
for the axial instrument resolution that leads to an elongated
shape of the magnetic Bragg peaks. The diffuse signal was
fitted to two-dimensional Lorentzians with a single width
because the inherently broad signal substantially exceeds
the instrument resolution.

The temperature dependence of the integrated intensities
and correlation lengths (£ = [a/(zFWHM(rlu))]) is pre-
sented in Figs. 2(a) and 2(b). The temperature-dependent
integrated intensity shows that the magnetic diffuse signal
has an onset above Ty and is continuously increasing as the
temperature decreases. This trend is persistent even deep
inside the long-range ordered phase. The temperature
dependence of the correlation lengths shows that the diffuse
short-range order is correlated over roughly 10 unit cells
below Ty, while the magnetic long-range order is correlated
over 31 unit cells. The latter value is slightly below the
instrument resolution [see dashed line in Fig. 2(b)], which
likely results from finite magnetic domain sizes.

The magnetic short-range correlations above Ty hold
information on the magnetic exchange interactions in the
material. Since the metal possesses a low electronic density
of states at the Fermi surface [15], we approximate the
material with a localized system similar to a magnetic
insulator. We consider a nearest (J;) and next-nearest (J5)
neighbor Heisenberg Hamiltonian with
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FIG. 2. Integrated intensity /;,, and correlation lengths & =

[a/(zFWHM(1lu))] of the AFM long-range (LR) and short-range
(SR) orders as function of temperature (a),(b) and magnetic field
(c),(d). The field dependence measured at 7 = 0.1 K (measured
at DMC) is plotted together with the ferromagnetic (FM)
contribution to the structural (2, 0, 0) Bragg peak at 7 =
0.04 K (measured at CAMEA).

HAFM:JIZS‘;'S; +Jzz§i'§;'- (1)
(i) (o

Here, (i, j) and (i, j)) uniquely assign all nearest- and next-

nearest-neighbor bonds, respectively, and §; isaS = 1spin
operator at site i. Our analysis yields antiferromagnetic
exchange interactions J; = 0.64(6) K and J, = 0.29(2) K
with ;(fed = (0.25 [see Fig. 1(d) and SM Note 2 for further
details]. The resulting J,/J; = 0.45(5) ratio is compatible
with the observed type-Il AFM order predicted for
0<J,/J; <0.5 [20,21]. Notably, our results classify
HoInCu, as a rare type-Ill AFM case close to the
type-Il AFM phase boundary with g = (3,1.1) predicted
for J,/J, > 0.5 [18,20,21].

Figures 2(c) and 2(d) show the magnetic field depen-
dence of the magnetic long- and short-range orders for
H||[0,0,1] and T = 0.1 K. The results stem from one-
dimensional Gaussian and Lorentzian fits to reciprocal
space maps recorded on DMC. We observe that the
integrated magnetic Bragg intensity corresponding to the
AFM long-range order is suppressed above ugH =~ 1 T.
In contrast, the short-range correlations survive to larger
magnetic fields of ugH ~ 2.5 T, revealing a field range
between poH ~ 1 and 2.5 T in which only short-range
correlations are present. The magnetization of the material
was probed via the ferromagnetic (FM) contribution to the
structural (2, 0, 0) Bragg peak intensity at 7 = 40 mK
on CAMEA, supporting that the field-polarized state is
reached above ygH > pygH, =2.5 T.

The field-polarized state serves as an alternative way to
determine the magnetic interaction parameters, as in this
regime linear spin-wave theory is known to be exact.
Figure 3(a) shows the field-polarized excitation spectrum
at yoH =5 T along a representative path in the (H, K, 0)
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FIG. 3. (a) Spin-wave spectrum of HoInCuy at y4oH = 5 T and

T = 40 mK for a representative path through the (H, K, 0) plane.
An integration width of AQ = 0.35 rlu perpendicular to the cut
was used. (b) Linear spin-wave simulation obtained with the
spinw software package [33] using the mean of the refined
parameters J; = 0.66(3) K and J, = 0.30(3) K. A Lorentzian
smearing AE = 0.08 meV half width half maximum was used to
mimic the instrument resolution. The hashed region at low-
energy transfer E represents the elastic line resolution.
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plane. The spectrum was measured at 7 =40 mK on
CAMEA. The field-polarized (FP) excitation spectra were
analyzed using the same spin-1 Hamiltonian as in Eq. (1)
with an additional Zeeman term accounting for the mag-
netic field anisotropy,

Hep = Hapm — g/"B/"OHZSzZ'- (2)

The effective g factors at ygH = 4, 5, and 6.5 T were
determined from the polarized spin-wave maxima and
compared with the predicted field evolution of the crystal-
field ground-state triplet. We found that the linear Zeeman
term is only approximate for the crystal-field scheme of
HoInCuy. Thus, a field dependent g factor was assumed for
the effective spin-1 treatment, and we note that more
accurate results can be obtained if all crystal-field wave
functions and dipole-dipole interactions are considered in
the spin-wave analysis (see SM Notes 3 and 6 for details).
Within the effective spin-1 treatment refinements over 8§20
data points yield J; = 0.66(3) K and J, = 0.30(3) K with
)(rzed = 0.39, which is in agreement with our analysis of the
magnetic correlations above Ty. The corresponding linear
spin-wave simulation at yoH = 5 T is plotted in Fig. 3(b).

Having determined matching interaction parameters in
the paramagnetic and field-polarized states, we expect these
parameters will also be applicable in the type-Ill AFM
ground state. Using linear spin-wave theory, magnetic
excitations are expected below an energy transfer E =
0.2 meV [see Fig. 4(a)]. The observed magnetic excitation
spectrum at 7 = 40 mK is displayed in Fig. 4(b) (see also
SM, Note 4, for further cuts and simulations). Their
comparison provides evidence that linear spin-wave theory
fails to capture the low-energy spin dynamics in HoInCuy.
In contrast to the predictions we observe columnlike
excitations centered around the magnetic Bragg peak
positions. The excitations are most intense around E =
0.3 meV and display only a weak momentum dependence.
The lifetime of the overdamped excitations was assessed
through one-dimensional energy cuts at specific reciprocal
lattice positions indicated in Fig. 4(c), showing a thin slice
(E =0.00(5) meV) around the elastic (H, K, 0) plane.
The resulting cuts shown in Fig. 4(d) were fitted to a
damped harmonic oscillator, for which we find a global
relaxation rate I' = 0.24(2) meV [2.8(2) K] corresponding
to roughly ~4J,.

Figure 4(c) reveals a broad elastic intensity distribution
that is centered around the magnetic Bragg peaks and
shows some finite intensity along the shortest path con-
necting neighboring peaks. This result provides evidence
that within our resolution of 0.1 meV, a substantial fraction
of the Ho moments remain short-range correlated. We
estimated the fluctuating moment fraction through a refine-
ment of the diffuse scattering signal that was measured
below Ty during the diffraction experiment on ZEBRA
[see Fig. 1(c)], using the interaction parameters obtained
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FIG. 4. (a) Linear spin-wave simulation of the type-III AFM
state along (1, K, 0). The divergence occurring at the magnetic
positions has been removed for clarity. The instrument resolution
was approximated with a Lorentzian smearing AE = 0.04 meV
half width half maximum. (b) Background-subtracted magnetic
excitation spectrum along (1, K, 0), using an integration width
AQ = 0.35 rlu perpendicular to the cut. (c) Reciprocal space map
at an energy transfer E = 0.00(5) meV. The intensity at the
magnetic Bragg peaks has been removed for clarity. The cut
indicated in the panel represents the path plotted in panel (b).
(d) Energy cuts at the reciprocal space positions indicated in
panel (c), with circular integration width AQ = 0.2 rlu. The data
are overplotted with damped harmonic oscillator fits, revealing a
relaxation rate of ~4J;.

from the analysis of the paramagnetic state (see SM Note 2
for details). The results are in agreement with the exper-
imental observations, if about 30% of the Ho moment
remains fluctuating within the long-range ordered state.
A strong renormalization of the ordered magnetic
moment together with complex dynamic many-body prop-
erties is a trait mark of quantum effects in frustrated
magnets [1-3,20-24,36,37]. While frustrated triangular
and square lattices are prime geometries for quantum
effects to appear [36,37], an increasing number of theo-
retical studies have found that quantum fluctuations are
also important in face-centered cubic lattices [20-24]. For
instance, it is predicted that the type-lII AFM state is
unstable at the phase boundaries J,/J; = 0 and 0.5, but
that thermal fluctuations can help to stabilize the structure
[20,21,23]. While such an order-by-disorder transition has
been recently observed in K,IrClg close to J,/J; = 0 [38],
the inaccessibility of materials close to J,/J; = 0.5 hith-
erto hindered experimental studies close to the type-II-type-
I AFM phase boundary. HolnCu, bridges this issue
because our results provide compelling evidence that the
material can be modeled as an effective spin-1 Heisenberg
system with J,/J; = 0.45(5). The importance of quantum
fluctuations was assessed using spin-wave theory including
quantum corrections of the leading term in 1/S. We obtain
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that the expected ordered moment of HoIlnCu, is renor-
malized by about 30%, which matches the estimated
fluctuating moment fraction. These results are also in
agreement with previous results reporting a mismatch
between the ordered moment expected from the crystal-
field ground-state triplet (ycgpr = 4.58up), and the mag-
netic moment [u = 3.23(4)ug] refined from neutron
powder diffraction [15]. Thus, our results provide evidence
for the presence of substantial quantum fluctuations,
accounting for the missing moment of the renormalized
magnetic long-range order.

We note that neutron scattering can a priori not dis-
criminate a case in which the ordered moment is homo-
geneously reduced, from a spatially inhomogeneous
scenario in which half of the Ho ions carry the full moment
and the other half remain disordered (see also SM Note 4).
The latter case is enabled through the ordering wave vector
g =(1,3.0), splitting the face-centered cubic type-III
AFM structure into two orbits with independent Ho
sublattices [see Fig. 1(a)] [15,19,39,40]. While modern
theoretical considerations of frustrated magnets favor
homogeneous solutions [20,36,37], local probes such as
muon spin rotation and nuclear spin resonance or neutron
diffraction under uniaxial pressure may be able to exper-
imentally distinguish the two scenarios. We further mention
that HoInCu, potentially hosts an intriguing quantum phase
between ugH = 1 and 2.5 T, at which magnetic long-range
order is suppressed but short-range correlations are still
present. In fact, linear spin-wave theory predicts the critical
field around poH.=~2.5 T (see SM Note 5), but fails to
capture the nature of the magnetic state in this field range.
Future theoretical and experimental efforts are required to
elucidate the microscopic nature of this phase.

Finally, we claim that the reported study has an impact
beyond the field of frustrated magnetism in face-centered
cubic lattices. Although magnetic frustration is often
challenging to interpret in metals, we here show that
progress in the microscopic understanding of frustrated
Fermi liquids can be gained with a stepwise approach. We
elucidate that local Hamiltonians neglecting the charge
degree of freedom provide an accurate description of
frustrated magnetic properties in metals possessing low
density of states at the Fermi surface. We mention that for
frustrated face-centered cubic metals Hubbard models
have shown a promising way forward to appropriately
account for itinerant effects if they become relevant [27].
Thus, we hypothesize that further such experimental
and theoretical efforts can build a foundation to gain
insight into how magnetic frustration is established in
metals in which the charge degree of freedom plays a
significant role.

In summary, we have studied the microscopic origin of
the magnetic ground state in metallic HoInCu, possessing
only a minor contribution of the charge degree of freedom
at the Fermi level. Using an effective spin-1 Heisenberg

Hamiltonian we find matching nearest- and next-nearest-
neighbor exchange couplings in the paramagnetic and
magnetic field-polarized states. The resulting J,/J; =
0.45(5) ratio is compatible with theoretical models for
face-centered cubic lattices, identifying the material as a
rare type-III AFM close to the phase boundary J,/J; = 0.5
[18,20,21]. In contrast to classical predictions we find a
nontrivial type-III AFM state with an overdamped magnon
spectrum below 7T, and at zero magnetic field. Our
investigations provide evidence that the low-energy fluc-
tuations arise from quantum fluctuations, accounting for
the missing moment of the renormalized ordered moment
value in the AFM ground state. This motivates experi-
mental and theoretical studies in face-centered cubic
lattices close to the J,/J; = 0.5 phase boundary.
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