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Easy-plane XY spin fluctuations in the cycloidal magnet UPtGe studied via
field-orientation-dependent 195Pt NMR
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195Pt NMR measurements have been performed on a single crystal of the uranium-based compound UPtGe,
which is the only 5f system known to possess an incommensurate helical (cycloidal) structure below TN = 50 K.
Knight shift measurement confirmed the isotropic character of the static spin susceptibilities in hexagonal-like
ac crystal planes of the EuAuGe-type crystal structure. The hyperfine coupling constants were also found
to be isotropic in the planes, estimated to be 59 kOe/μB. Nuclear relaxation rate (1/T1) measurement revealed
the development of the antiferromagnetic spin fluctuations with XY character confined to the hexagonal-
like plane below 200 K. The results present a clear contrast to the Ising anisotropy of the fluctuations in
ferromagnetic superconductors UCoGe and URhGe.
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I. INTRODUCTION

The series of UT Ge germanides have attracted considerable
attention after the discovery of superconductivity in the ferro-
magnetic (FM) state of UCoGe [1] and URhGe [2]. Except for
T =Ru and Fe, the UT Ge germanides exhibit static, long-range
ordering of the U 5f spin moments. While UCoGe and URhGe
are both simple ferromagnets with transition temperatures of
3 K [1,3] and 9.5 K [2], the heavier transition elements (T =
Ni, Pd, and Pt) introduce rather complex magnetic structure
with relatively higher transition temperatures of around 50 K
[4–7]. UNiGe, for example, possesses two different antifer-
romagnetic (AFM) phases. The magnetic structure between
42 K and TN = 50 K is incommensurate, while it changes to
commensurate below 42 K [4,8,9]. On the other hand, UPdGe
has a longitudinal, sinusoidal AFM structure between 28 and
50 K, while it transforms to a ferromagnet at 28 K [5,7,10,11].

The most peculiar magnetic structure in the UT Ge series
appears in UPtGe [4,10,12–15]. Below TN = 50 K, the
compound exhibits an incommensurate helical (=cycloidal)
order with the propagation vector q = (0.55–0.57,0,0), where
the U moments of ∼1.4μB lie in the deformed hexagonal plane
and are aligned ferromagnetically between the planes (Fig. 1)
[14]. In general, the helical magnetic structure has a periodicity
incommensurate with the periodicity of the crystal lattice [16].
The helical structure is thus naturally conflicted via the strong
spin-orbit coupling, which connects the space and spin degrees
of freedom, and hence tends to generate different, inequivalent
orientations of the moments with respect to the lattice. This
implies that helical order is not a very likely ground state for
actinide compounds, where the 5f electrons possess strong
spin-orbit coupling [17,18]. Up to now, UPtGe is the only
actinide system known to exhibit helical structure [16].
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In this paper, we report a microscopic investigation of
magnetic anisotropy and fluctuations in UPtGe. Orientation-
dependent 195Pt NMR results obtained with a high-quality
single crystal have confirmed a two-dimensional, easy-plane
character for both the static and dynamical susceptibilities in
the paramagnetic state. The NMR measurements also exhibit a
small magnetic anisotropy in the plane, satisfying a necessary
condition for the formation of a unique cycloidal order in
this compound. The behaviors present a clear contrast to the
strong Ising anisotropy of the magnetization in ferromagnetic
superconductors UCoGe [19,20] and URhGe [21–23]. UPtGe
appears to be an interesting material to understand why the
spin reorientation and FM instabilities occur in URhGe.

II. EXPERIMENTAL METHOD

Single crystals of UPtGe were grown using the Czochral-
ski pulling method. The magnetic susceptibility data of our
crystals well reproduce the previous results, showing a clear
anomaly for the magnetic phase transition at TN = 50 K
[7,15]. The 195Pt NMR measurements were carried out on a
single crystal (3 × 1.5 × 1.5 mm size) using a superconducting
magnet and a phase coherent, pulsed spectrometer. The 195Pt
nuclei have a natural abundance of 33.8% and the nuclear
gyromagnetic ratio γN/2π = 9.094 MHz/T (S = 1/2). The
NMR spectrum was measured at several different temperatures
by recording integrated spin-echo intensities while sweeping
the external field H ∼ 9 T. The temperature dependence of the
NMR (Knight) shift Kα was derived from the peak position of
the NMR spectrum with field applied along the three respective
orthorhombic crystal axes (α = a, b, and c), where Cu-NMR
signals from metallic copper were used as makers for field
calibrations. The spin-lattice relaxation rate 1/T1α was also
measured at several different temperatures with �H along the
three axes. The measured nuclear magnetization recovery was
found to fit a simple exponential for these I = 1/2 nuclei,
allowing us to determine a unique T1 value at each temperature.
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FIG. 1. Schematic view of the EuAuGe crystal structure of
UPtGe. (a) The structure involves orthorhombically deformed
hexagonal-form ac planes delineated by the two different uranium
sites, U1 and U2. (b) The projection onto the ac plane showing the
cycloidal structure of the U moments in the ordered state (only the
cycloid in one upper ac plane is shown) [10,15,16]. The b axis is
vertical to the plane.

III. EXPERIMENTAL RESULTS

A. Temperature dependence of the NMR shift

The crystal structure of UPtGe was initially suggested to
be the TiNiSi type, the same as the other UT Ge compounds
[12]. However, subsequent neutron experiments showed that a
better description of the data was obtained using the EuAuGe-
type structure (Fig. 1) with space group Imm2 (No. 44, C20

2v )
[14,15,24]. The Imm2 space group is noncentrosymmetric,
whereas the Pnma space group of the TiNiSi-type structure is
centrosymmetric. Both structures have U atoms at essentially
the same positions; only the configurations of Pt and Ge atoms
vary between these structures. Note that the a and b axes are
interchanged in going from the Pnma to Imm2 space groups.
The a, b, and c axes in the EuAuGe-type structure correspond
to the b, a, and c axes in the TiNiSi-type structure, respectively.

Figure 2 exhibits the temperature dependence of 195Pt NMR
spectra obtained with H along the a axis. A narrow peak
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FIG. 2. Temperature dependence of the 195Pt NMR spectrum in
the paramagnetic state. The spectra were measured with the field
applied along the a axis. The FWHM is ∼0.01 T at 150 K.
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FIG. 3. Temperature dependence of the NMR (Knight) shift for
fields applied along the three crystalline axes. The dashed lines are
the results of Curie-Weiss fits Kα ∝ C/(T − θα ). The inset shows the
temperature dependence of the bulk magnetic susceptibility (χα). The
dashed lines are the results of a modified Curie-Weiss law, χα = χα

v +
C/(T − θ ′

α ), which provides θ ′
a,c = −28 K and −15 K with χa,c

v =
3.6 × 10−4 and 3.8 × 10−4 emu/mol for H‖a and c, respectively.

at high temperatures indicates the high quality of our single
crystals. At decreasing temperatures, the spectrum broadens
and shifts to lower fields (to a larger Knight shift). This gradual
broadening is attributed to a distribution of the Knight shift,
since 195Pt nuclei of I = 1/2 have no quadrupolar broadening.

In Fig. 3, we show the temperature dependence of the
Knight shift for fields applied along all three crystal axis
directions. With decreasing temperature, both Ka and Kc

exhibit a rapid increase while following a Curie-Weiss (CW)
law, as shown by the broken lines in the figure. The CW
fits provide Curie temperatures θa,c = −44 and −30 K for
H‖a and c, respectively. By contrast, measured values of Kb

are much smaller and nearly temperature independent [15].
The large anisotropy of Kα for �H in and out of plane has
essentially the same origin as the anisotropy of bulk magnetic
susceptibility (χα), as shown in the inset to Fig. 3 [7,15].
The Knight shifts also confirm very small in-plane anisotropy
within the ac plane.

For the f -electron systems the Knight shift is generally
composed of a spin part Ks and a Van Vleck part Kv.
These components are connected with a T -dependent spin
susceptibility χ s and a T -independent Van Vleck susceptibility
χv as

K (T ) = Ks(T ) + Kv

= 1

NAμB

(
As

hfχ
s(T ) + Av

hfχ
v), (1)

where A
s(v)
hf is the spin (Van Vleck) part of the hyperfine (HF)

coupling constant, NA is Avogadro’s number, and μB the Bohr
magneton. In Fig. 4, we plot Kα against χα with temperature
as an implicit variable. The data points nearly lie on a single
line, confirming the isotropic character of the dominating HF
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FIG. 4. The Knight shifts are plotted against the bulk suscepti-
bility χ with temperature as an implicit parameter. The slopes of the
dashed lines correspond to an isotropic hyperfine coupling constant
of 59 kOe/μB .

mechanism. The slope of the single line yields the isotropic
transferred HF coupling constants As

hf � 59 kOe/μB . On the
other hand, the intersection of the line at χ = 0 is nearly zero.
In UPtGe, the susceptibility measurements indicate that χv �
0, and hence, Kv should be � 0 as observed. The isotropic
HF coupling implies the predominance of U 5f spin moment
transfer to Pt 6s orbitals which interact directly with Pt nuclei.
The anisotropic couplings such as the dipolar term seem to give
only minor contributions. A similar situation has been found in
other UT Ge compounds, e.g., in UCoGe, where the isotropic
HF coupling at Co nuclei is given by a spin transfer from U
5f to Co 4s orbitals [19].

B. The spin-lattice relaxation time T1

Figure 5 shows the temperature dependence of (1/T1)α
measured in our single-crystal sample with the field applied in
turn along the three respective orthorhombic crystal axes, α =
a, b, and c. It is noteworthy that 1/T1 exhibits a different tem-
perature dependence for (1/T1)b, in contrast with (1/T1)a,c. At
temperatures above 200 K, 1/T1 is nearly isotropic. However,
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FIG. 5. The temperature dependence of 1/T1 for 195Pt, measured
with fields applied along the three mutually orthogonal crystalline
axes as indicated.
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FIG. 6. Orientation-resolved dynamic susceptibility Rα (see text)
along the three crystalline axis directions in UPtGe. The inset shows
Rα reported in UCoGe [19]. Note that the a and b axes in UCoGe with
the TiNiSi structure are interchanged with respect to those in UPtGe.

with decreasing temperature, mainly (1/T1)b increases grad-
ually below 200 K, while (1/T1)a,c remains nearly constant
down to 100 K. While (1/T1)a,c show a modest increase below
100 K, their values are only about half of (1/T1)b for T ∼ TN.
Since 1/T1 is determined by spin fluctuations perpendicular to
the quantization axis of the nuclear spins, i.e., the fixed field
axis, the rapid increase of (1/T1)b indicates the development
of spin and hyperfine field fluctuations in the ac plane.

The general expression for 1/T1 measured in a field along
the α direction may be written [19,25]

(
1

T1T

)
α

= γ 2
n kB

2

∑
q

[∣∣As,β

hf

∣∣2 χ
′′
β (q, ωn)

ωn

+∣∣As,γ

hf

∣∣2 χ
′′
γ (q, ωn)

ωn

]
, (2)

where χ
′′
β,γ (q, ωn) is the imaginary part of the dynamic suscep-

tibility along theβ andγ directions perpendicular toα,ωn is the
NMR resonance frequency, and As

hf is the s-contact hyperfine
coupling constant for the 195Pt nucleus. In this way, we can
evaluate the directional dynamic susceptibility components for
each orthorhombic crystal axis,

Rα =
∑

q

∣∣As,α
hf

∣∣2 χ
′′
α (q, ωn)

ωn
, (3)

using the relations (1/T1T )a = Rb + Rc, (1/T1T )b = Ra +
Rc, and (1/T1T )c = Ra + Rb. The results are shown in
Fig. 6.

The figure clearly demonstrates strong, easy-plane
anisotropy for the dynamical spin susceptibilities, i.e., Ra �
Rc � Rb. The strong increase of both Ra , Rc with decreasing
temperature indicates the development of the spin fluctuations
with XY-type character in the ac plane. Furthermore, we can
see that its temperature dependence does not scale with that of
the Knight shift, which is proportional to χ (q = 0); Ra,c(T )
shows a much stronger increase than Ka,c(T ) below 200 K.
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This suggests the dominance of the AFM components (i.e.,
q 	= 0) for the spin fluctuations in UPtGe.

The static and dynamical spin susceptibilities often possess
contrasting anisotropies in f -electron systems [26–29]. In
the present case, however, we found the same anisotropy for
them. Furthermore, the easy-plane XY-type character of the
fluctuations in UPtGe present a strong contrast to the Ising
fluctuations in UCoGe and URhGe [19–23]. In the inset of
Fig. 6, we show the temperature dependence of Ra,b,c reported
by Ihara et al. for UCoGe [19]. Only Rc exhibits a strong
increase toward the FM transition at 3 K, while Ra and Rb

are nearly constant in all the temperature range. Thus the
spin fluctuations have a strong Ising character in UCoGe. The
Ising fluctuations are suggested to be responsible for the FM
superconductivity below ∼0.8 K [19,20].

IV. DISCUSSION AND SUMMARY

A characteristic feature of the UT Ge germanides is strong
magnetic anisotropy relative to their crystal structures. Both
the TiNiSi- and EuAuGe-type structures can be considered
as a kind of orthorhombically deformed hexagonal structure
(Fig. 1). The a (b) axis of the TiNiSi (EuAuGe) lattice
corresponds to the hexagonal c axis of the AlB2 lattice. U atoms
form zigzag chains along the a (b) direction (perpendicular to
the planes). It has been found for all the UT Ge series that the
direction along the zigzag chain is always magnetically much
harder than the other two axes [7,15,30]. This has also been
confirmed by the present NMR results for both the static and
dynamical spin susceptibilities in UPtGe.

On the other hand, the magnetocrystalline anisotropy within
the hexagonal-like planes (i.e., the ac planes in UPtGe while
the bc planes in the other UT Ge compounds) depends strongly
on the particular transition element T . The anisotropy becomes
larger with the lighter transition elements, such as Co and
Rh, providing a strong in-plane uniaxial anisotropy, i.e., χc �
χb > χa [1,2]. On the other hand, it becomes much weaker
with the presence of heavier transition elements. In particular,
we show here in UPtGe that both the static and dynamical
spin susceptibilities are nearly isotropic in the planes (see
Figs. 3 and 6). It is evident that such a small in-plane
anisotropy provides a necessary condition for the formation
of incommensurate cycloidal order [16].

With decreasing temperature, magnetic correlations de-
velop in the plane, driving the easy-plane XY spin fluctuations
in UPtGe. This poses a clear contrast to the case of UCoGe
and URhGe, where Ising-like fluctuations are suggested to
generate superconductivity in the FM state [19–23]. It is
also known that the in-plane Ising anisotropy in URhGe is
slightly weaker than that in UCoGe, and then, a magnetic
field (∼12 T) applied along the b axis forces the FM order
to align to the field direction [31]. The fluctuations associated
with this spin reorientation in the planes cause a reentrant
superconductivity in URhGe [21–23]. It has been found that
UPtGe also shows metamagnetic transitions for the fields
applied along the hexagonal-like planes [32,33]. It will be
important to understand why the Ising anisotropy depends
strongly on the transition element, with its consequences to
metamagnetic transitions in UT Ge.

As for the origin of the unique cycloidal order, a theoretical
study has been performed by Sandratskii and Lander within
density functional theory [16]. They suggest that the EuAuGe-
type structure of UPtGe leads to accidentally small in-plane
magnetic anisotropy; thus, the formation and properties of the
cycloidal structure are determined by frustrated exchange in-
teractions, together with the relativistic Dzyaloshinskii-Moriya
interaction [34]. The frustrated interactions were suggested to
occur in the ac planes with a hexagonal-form lattice.

So far, we have not succeeded in observing NMR signals
below TN, and thus, we cannot discuss whether frustrated
interactions indeed exist or not in UPtGe. In the ordered state,
it has been proposed that the absence of anisotropy in the
ac plane would give rise to a Goldstone mode in the spin-
wave excitations with the cycloidal structure [16]. We suggest
that further NMR studies, and in particular measurements
conducted under uniaxial pressure to control the degree of
deformation of the hexagonal lattice in the ac planes [35],
would be desirable to clarify these points.
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