Incommensurate antiferromagnetic order in CePtAl;
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We report a neutron diffraction study of single-crystal CePtAls complemented by measurements
of the specific heat under applied magnetic field. Below Tn ~ 3 K CePtAls develops incommensurate
antiferromagnetic order with a single modulation vector k=(0.676 00). Residual magnetic scattering
intensity above Ty and a broadening of the specific heat anomaly at Tx may be consistently described
in terms of a Gaussian distribution of transition temperatures with a standard deviation o =~ 0.5 K.
The distribution of Tx may be attributed to the observation of occupational and positional disorder
between the Pt and Al sites consistent with structural information inferred from neutron diffraction.
Measurements under magnetic field reveal changes of the magnetic domain populations when the
field is applied along the [010] direction consistent with a transition from cycloidal to amplitude-

modulated magnetic order around 2.5 T.
I. INTRODUCTION

Cerium based intermetallics comprise a wide variety
of physical phenomena owing to the coupling between
electronic and magnetic degrees of freedom and their
relationship to the crystal structure and its symmetry.
Perhaps most extensively studied are materials with the
ThCr,Siy structure, featuring heavy fermion supercon-
ductivity, quantum phase transitions, as well as large
magneto-elastic coupling phenomena'?. Born out of this
long history, a structurally related materials class that
has attracted increasing interest in recent years com-
prises CeT X3 systems, where T is a transition metal and
X = Al Ga, Si, or Ge. For instance, in CeCuAls and
CeAuAlz anomalous thermal transport properties and in-
elastic neutron and x-ray scattering experiments have re-
vealed magnetoelastic hybrid excitations even for nomi-
nally weak magnetoelastic coupling®®. Moreover, anti-
ferromagnetic (AFM) order with low transition tempera-
tures have been reported, e.g., for T'= Cu and Au, where
CeCuAlz exhibits an amplitude modulated, collinear,
AFM structure, with a modulation vector k = (2 £ 0) be-
low Tx =2.7KS, while CeAuAl; exhibits a helical AFM
structure with k = (000.52) below Ty = 1.2 K%

A key aspect of the I4mm space group, in which most
members of the CeT X3 class crystallize, is the presence
of a four-fold symmetry axis along the [001] direction.
For k vectors in the basal plane as in CeCuAls this

permits, in principle, the formation of multi-k magnetic
structures. This possibility was considered unlikely for
CeCuAls®; however, multi-k structures were observed in
various other cerium intermetallics”™®. Thus, to unam-
biguously determine the magnetic state, the number of
modulation vectors must be determined, and measure-
ments under symmetry-breaking conditions must be per-
formed to distinguish a potential multi-k structure from
the formation of magnetic domains. On this note, the
putative presence of multi-k order in the CeT Als fam-
ily would identify another exciting facet of correlated
electron systems. Further, the low Néel temperatures
in these systems suggest a possible vicinity to a quantum
phase transition. This raises the question if other mem-
bers of the CeT Al; family exist, that are either nonmag-
netic in the zero temperature limit or even coincidentally
located at a quantum critical point.

In this paper we report the observation of long-range
AFM order in CePtAls. This system crystallizes in the
BaNiSns-type structure, with a non-centrosymmetric,
tetragonal I4mm space group'®. Previous reports on
the possible existence of long-range magnetic order in
CePtAlz were inconclusive!®!'!. The electrical resistivity,
magnetization, and specific heat of polycrystalline sam-
ples were found to be characteristic of spin-glass behav-
ior <0.8 K!''. However, the authors of that study noted!!
that their CePtAl3 sample showed a high degree of crys-
talline disorder, speculating on an intrinsic lack of long-
range magnetic order. Likewise, based on the electrical



resistivity, Franz et al.'® suggested that CePtAls does
not exhibit magnetic order down to 0.1 K. Moreover, the
magnetization of single-crystal CePtAls shows an almost
linear magnetic field dependence up to 9T'2, without
signs of saturation. The magnetic moments at 9T and
2K are 1 and 0.3 up for field applied along the a and c-
axis, respectively, which is far from the value expected for
an isolated Ce3T atom of 2.14 ug. This suggests the pres-
ence of crystal field effects that influence the magnetism
in CePtAls and establishes an easy magnetization plane
(001) and a hard magnetic axis along the [001] direc-
tion. Taken together, these data suggested a possible
vicinity to a quantum phase transition, motivating the
detailed microscopic study reported in this paper.

II. EXPERIMENTAL METHODS

Centimeter-sized single crystals of CePtAls were grown
from polycrystalline rods using an optical floating-zone
furnace, described in more detail in Refs. 12-14. Both
the stability of the floating-zone growth, which was well-
behaved, and the metallurgical appearance of the ingot
reject the possibility of macroscopic phase segregation.
Rather, behavior characteristic of homogeneous sample
was observed. The crystals measured in this study were
prepared from the same batch studied by Franz et al. 9.
Samples were cut from the single-crystalline rod as re-
quired for the different experimental techniques. De-
magnetization effects were negligible for all samples stud-
ied. The specific heat was measured in a Quantum De-
sign physical properties measurement system at temper-
atures down to 2 K under applied magnetic fields up to
14 T. Constant field scans as a function of temperature
were performed on a 1x1x1mm? single-crystal cube of
CePtAl; using a large heat-pulse method. Constant tem-
perature scans as a function of an applied magnetic field
were carried out on a 2x1x6 mm? single crystal using a
small heat-pulse method. In all specific heat measure-
ments, the magnetic field was applied along the [100]
direction. Neutron diffraction was carried out at several
different beamlines using a large cylinder-shaped crystal
with a length and diameter of 12 and 6 mm, respectively
(volume=340 mm?).

Initial single-crystal neutron diffraction measure-
ments were performed on the triple-axes-spectrometer
PANDA'S at the MLZ. The crystal was mounted in a
3He cryostat and cooled to 0.5K. The intensities of se-
lected reflections were measured as a function of temper-
ature to investigate the magnetic transition. The modu-
lation vector of the magnetic order was determined from
measurements at the Diffuse Neutron Scattering spec-
trometer (DNS)'®!7 at MLZ using polarization analy-
sis. The incoming wavelength of 4.2A and the one-
dimensional detector bank at the DNS allowed us to
simultaneously collect data for a range of momentum
transfers 0.25<Q<2.7A~!. The sample was rotated by
1° steps in a 140° range to map out the neutron scatter-

ing intensity on a plane in reciprocal space. Here, xyz-
polarization analysis was employed with the neutron po-
larization set parallel to the momentum transfer, which
allowed us to distinguish between magnetic and nuclear
scattering contributions on the spin-flip (SF) and non
spin-flip (NSF) channels, respectively!®!?. The crystal
was cooled to 0.45 K using a 3He cryostat. Data were an-
alyzed and reduced with the MANTID package?® allowing
us to project the measured intensities on selected crystal
planes.

Further single-crystal neutron diffraction measure-
ments were performed on POLI?' at MLZ and on D232
at the ILL. Both diffractometers operate a sample stage
with an w rotation axis and a lifting detector stage allow-
ing us to measure out-of-plane scattering intensity. Mea-
surements at POLI aimed at an accurate determination
of the crystal structure.

To minimize extinction effects, a small half-disc-shaped
crystal with dimensions 6 x 1 mm (diameter x thickness)
and a volume of 14 mm? was used at an incoming wave-
length of 3.355 A. Data were first recorded at ambient
conditions. Following this, the sample was mounted in
the *He cryostat and cooled to 0.45 K. Measurements at
D23 aimed at the determination of the magnetic struc-
ture and were performed with a 6T vertical field mag-
net at 1.5K at an incoming wavelength of 1.275 A. The
same crystal that was used at the DNS and PANDA
(V=340mm?) was mounted in two configurations, first
with the [010] direction vertical and second with the
[001] direction vertical.

The experimental protocol for measurements under
magnetic field at D23 was as follows. The sample was
cooled to 1.5 K in zero field, and the magnetic field was
applied along the [010] direction, i.e.along the b axis.
The field was ramped from poH = 0 to 5.5T and then
down to pgH = 0 in steps. At each field, a series of Q)
and w-scans was measured to determine the position and
intensity of selected reflections. Following this, the sam-
ple was heated to ambient temperature, reoriented, and
cooled down to 1.5 K again, so that the magnetic field was
applied along the [001] direction, i.e., along the ¢ axis.
For this orientation we measured magnetic and nuclear
reflections up to 4 T under increasing magnetic field. In-
tegration of the reflections from the diffraction measure-
ments was done with the DAVINCI program?3. For the
determination of magnetic structures, refinements were
carried out using JANA20062* with the symmetry analy-
sis input from ISODISTORT?®.

III. RESULTS AND INTERPRETATION

The presentation of our experimental results is orga-
nized as follows. The specific heat data are presented in
Sec. ITT A. Following this, the results of four independent
neutron diffraction measurements are reported. Mea-
surements focusing on the accurate determination of the
crystal structure are presented in Sec. III B. The results
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FIG. 1. Specific heat of CePtAls. (a) Specific heat as a func-
tion of temperature at various magnetic fields up to 14 T. Data
are shifted vertically by 2 J/(molK) for clarity. The dashed
line marks characteristic temperature Tx at which the field
sweep was measured as shown in (b). In (a), the maximum in
specific heat at Tn=3 K marks the transition to the magnet-
ically ordered state, consistent with neutron scattering. (b)
Specific heat as a function of magnetic field at T=3 K. In (b),
the local maximum of the 3 K field sweep is marked with H.
at 2.5 T and coincides with the magnetic transition observed
with neutron scattering.

of the search for the magnetic modulation vector and the
characterization of the magnetic order parameter are pre-
sented in Sec.IIIC. Finally, determination of the AFM
order and its behavior under applied magnetic fields are
reported in Sec. IIID.

A. Specific heat

The specific heat of CePtAls was measured as a func-
tion of temperature at various applied magnetic fields
up to 14T, as shown in Fig. 1, where we focused on the
low-temperature part in the regime of the magnetic tran-
sition. At zero magnetic field, the specific heat shows a
broad maximum centered at T ~v=3 K with a full-width-
at-half-maximum (FWHM) of ~1.5 K. Under increasing
applied field, there is no visible change in the specific
heat curve up to 3T. At 6 and 9T, the amplitude of the
maximum is decreased and slightly shifted toward lower
temperatures. The maximum has vanished at 14 T.

The field dependence was explored further in measure-
ments as a function of magnetic field at fixed temper-
ature, as shown in Fig. 1(b). At 3 K, the specific heat
exhibits a maximum at 2.5 T marked as H. and a mono-
tonic decrease under increasing field above H..

As shown below, neutron diffraction allows us to asso-
ciate the broad maxima in the specific heat at 3K and
zero field with the transition to AFM order, while the
local maximum at pgH, =2.5T coincides with a field-
driven magnetic transition.

TABLE 1. Details of the CePtAls crystal structure refine-
ment based on neutron diffraction at ambient temperature.
Space group Idmm, a=b=4.326 A, ¢=10.655 A. The number
of measured:independent:observed reflections is 343:175:156,
where Rint=8.21, and observed reflections are with I > 30([).
The refinement was performed on F' 2 with Rops=4.98 and
wRobs=11.11. The columns contain the symbol of the Wyck-
off site, atoms occupying the site, occupancy, z coordinate of
the Wyckoff site (2a: [0, 0, z] and 4b:]0, 0.5, z]), and associ-
ated, refined displacement parameters, respectively.

Site Atom Occupancy z U (A%)
U1:=0.0168 (17)
2a Ce 1 0 (fixed) Uss=0.0158 (20)
Pt 0.76 U11=0.0126 (12)
20 a1 p2a 9636 (D) 00157 (12)
e Al 0.76  0.410 (1) Uo=0.0136 (23)
Pt 024 0.376 (2) Uieo=0.0383 (65)
U1:=0.0173 (28)
4 Al 1 0.251 (1) Uz2=0.0172 (28)
6)

Us3=0.0151 (1

B. Crystal structure

Single-crystal neutron diffraction at ambient condi-
tions confirmed that CePtAls crystallizes in the BaNiSng
structure with a non-centrosymmetric I4mm space
group, as previously reported by Franz et al.'® and
shown in Fig. 2. Lattice parameters and atomic positions
are summarized in Tablel. A large number of high-Q) re-
flections allowed for a reliable refinement of the displace-
ment parameters.

The refinement for the BaNiSnj structure showed neg-
ative displacement parameters on the Al 2a site and a
rather high refinement quality factor R,,s=12.24. The
refinement was found to be improved, Ro,s=5.67, when
assuming antisite disorder between the Al and Pt 2a
sites. Further, the displacement ellipsoid of the Al 2a
site was found to be strongly elongated along the ¢ axis,
while other sites were found to show a fairly isotropic
displacement, as illustrated in Fig.2(a). This was taken
as an indication of positional disorder. Splitting, in turn,
the Al 2a site into separate sites occupied by Pt and Al
atoms gave a final figure of merit R,,s=4.98, where the
occupancies were constrained to retain the stoichiomet-
ric composition of CePtAls. Refinements without such
a constraint did not improve the quality of the fit. The
final model is summarized in Tablel and illustrated in
Fig. 2(b).

Cooling the crystal to 0.45 K, the intensities and po-
sitions of selected reflections were monitored to ver-
ify whether CePtAls undergoes any structural modifica-
tions. No significant changes were seen, suggesting that
the peak observed in the specific heat at 3K is due to a
magnetic transition that does not coincide with a strong
response of the lattice. The intensities of the Bragg re-
flections also showed that the magnetic structure is char-
acterized by a modulation vector k # 0. The refinement
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FIG. 2. Crystal structure of CePtAls. (a) Archetypal
BaNiSns structure. Red arrow in (a) points at the Al atom on
the 2a site which exhibits strong elongation of displacement
ellipsoid and is modeled by splitting the equivalent sites (b)
BaNiSn3 structure modified with occupational and positional
disorder on the Al 2a and Pt 2a sites. Occupations of the dis-
ordered sites and their positions are indicated by the labels.

of the 147 nuclear reflections measured at 0.45 K strongly
favors the disorder model established at ambient temper-
ature. The refined parameters are close to those listed in
Tablel, i.e., the crystal structure is identical at 0.45K
and ambient temperature, except for the displacement
parameters, which at 0.45 K are reduced by a factor of
two, as expected for low temperatures.

C. Spontaneous magnetic order

To determine the modulation vectors of the sponta-
neous magnetic order in CePtAls, i.e.at zero magnetic
field and low temperatures, we mapped the (HOL) plane
in reciprocal space using neutron diffraction at 0.45 K. In
addition to the nuclear reflections observed in the NSF
channel, shown in Fig. 3(a), 10 weak magnetic reflections
were detected in the SF channel, as shown in Fig. 3(b).
The intensities of these magnetic reflections are roughly
two orders of magnitude smaller than the nuclear re-
flections. They may be indexed by a modulation vec-
tor k=(0.676(4)00). The value k,=0.676 (4) is close to
commensurate order with km:%:OB. However, further
measurements confirmed that the modulation vector is,
in fact, incommensurate.

The magnetic transition temperature was determined
by means of neutron diffraction at PANDA. Upon cool-
ing, the intensities of the magnetic and nuclear reflec-
tions at (0.32401) and (002), respectively, were mea-
sured as shown in Fig. 4. Below 3.5 K, the intensity of the
magnetic reflection increased, while the nuclear reflec-
tion did not change, indicating lack of an accompanying
structural transition or sizable magnetostriction above

1

detector/monitor counts

(a) NSF
L -1 0

0

FIG. 3. Neutron diffraction intensity in the (HOL) plane of
CePtAls at 0.45K. (a) Non-spin-flip (NSF) channel, where
nuclear reflections are observed. (b) Spin-flip (SF) chan-
nel, where magnetic reflections with a modulation vector
k=(0.67600) are observed.

TABLE II. Parameters obtained from fitting the intensity of
the (0.324 0 1) magnetic reflection with different models shown
in Fig. 4(c).

Model Parameters

11— (T/Tn)° Tn=3.26 (3) K a=1.89 (11)
1 —T/Tn)" Tn=3.15 (6) K a=0.66 (5)
[1— (T/T~)"]* Tn=3.02 (15) K a=2.7 (8)

sexp(—(Tn — Tn)?/20%,) o1, =0.48 (7) K

the detection limit of our measurements, as mentioned
in Sec. ITI B.

The nuclear reflection consisted of a sharp, resolution-
limited diffraction peak with a FWHM of 0.91°. The
additional presence of diffuse shoulders is well described
by a broad Gaussian with FWHM=3.88°. We attribute
the diffuse component to Huang scattering?6:27. It arises
from the atomic disorder, which causes strain fields re-
sponsible for broad, diffuse signal contributions around
some Bragg reflections. In comparison, the shape of the
magnetic reflection is well described by a single Gaussian,
without any qualitative change in line shape across the
magnetic transition.

The temperature dependence of the intensity of the
magnetic reflection may be equally well described by a
power-law behavior I o« (1 — T'/Tx)* and a modified,
heuristic expression I « 1 — (T/Tn)*. Both functions
are depicted in Fig. 4(c) together with the measured in-
tensities. Neither fit includes a point of inflection that
accounts for the residual intensity above Tx. Such resid-
ual intensity is commonly attributed to critical scatter-
ing that originates from slow, long-range correlations
in the vicinity of the transition and gives rise to mag-
netic diffuse scattering. As a function of temperature,
these correlations are most pronounced at the transition
temperature?®2%. In Fig.4(c) the width of the magnetic
reflection and the intensity in the vicinity of the mag-
netic reflection as a function of temperature are shown.
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FIG. 4. Intensities of nuclear and magnetic reflections across
the magnetic transition. (a) Nuclear (00 2) reflection. It can
be fitted with two Gaussian components (green and red lines)
of different full width at half maximum (FWHMSs), as indi-
cated by arrows and labels. (b) Magnetic (0.32401) reflec-
tion. In (a) and (b), data are shown with points, and solid
lines are guides to the eye. (c) Intensity in the vicinity of the
magnetic reflection (gray triangles) at the position marked
with an arrow in (b) and the FWHM of the magnetic re-
flection (green triangles) as a function of temperature. (d)
Integrated intensity of reflections in (a) and (b) as a function
of temperature. The intensity of the magnetic reflection is
not accurately reproduced with a power-law behavior (blue
and green lines). A power-law dependence convoluted with
a Gaussian distribution (solid, purple line), that may be at-
tributed to the structural inhomogeneities in the sample pro-
vides the best fit.

The width of the reflection increased with increasing tem-
perature, consistent with critical fluctuations. However,
the magnetic diffuse intensity measured at the position
marked with an arrow in Fig.4(b), which corresponds
to (hkl) = (0.301.045), and shown in Fig.4(c) did not
exhibit a maximum around 7Ty. The diffuse scattering
scales as the intensity of the magnetic reflection, sug-
gesting static disorder of the long-range magnetic order,
rather than fluctuations with a specific Q-dependence for
the resolution of our setup. Considering the crystalline
disorder characterized in Sec.III B, which reveals anti-
site disorder, the metallurgical appearance of our sample
without hints for macroscopic phase segregation, and the

broad peak in the specific heat, see Sec.IIT A, we sug-
gest therefore an alternative explanation of the residual
scattering intensity above Ty.

Namely, we propose that the atomic disorder and the
structural inhomogeneities cause a spread of transition
temperatures Ty that accounts for the residual scatter-
ing intensity above the transition, in addition to con-
ventional critical scattering. The notion that structural
inhomogeneities on the atomic scale may give rise to such
a scattering contribution above the critical temperature
was previously found to describe the magnetic transitions
in polycrystalline samples of other materials®3!. Con-
sidering all information available, it represents perhaps
the simplest scenario.

Incorporating the mathematical formalism reported by
Regulski et al. 3¢, we describe the spread of the transition
temperatures seen in neutron scattering by a Gaussian
distribution, with an average transition temperature T;
and a standard deviation o7 . The measured intensity
is then a convolution of the power-law behavior with the
Gaussian distribution as depicted in Fig.4(c). Using the
modified power-law function 1 — (7'/Tx)®, which proved
to be insensitive to the temperature range fitted, the
model is in excellent agreement with experiment across
the entire temperature range, where T=3.03 (15) K and
07, =0.48 (7) K. It is worthwhile to point out that the
convoluted model assumes only one additional parame-
ter than a power-law, while significantly improving the
quality of the fit.

The main conclusion suggested by this analysis also ac-
counts for the broad signature in the specific heat shown
in Fig.1, using an analogous model where an underly-
ing specific heat curve is convoluted by the distribu-
tion of transition temperatures determined in neutron
scattering. Although the exact parameterization of the
specific heat is not straightforward, the width of the
resulting convolution is dominated by the contribution
from the distribution of transition temperatures?, i.e.,
the resulting curve depends little on the precise form
of the parameterization in the disorder-free compound.
Notably, the transition temperature T =3K and the
FWHM of ~1.5K, which corresponds to a standard de-
viation J;I;\I =0.64 K observed in the specific heat, are
very close to the values determined in neutron scatter-
ing, T;:?).O?) (15) K and o7, =0.48 (7) K.

D. Magnetic order under magnetic field

Various magnetic reflections were measured at 1.5 K
as a function of magnetic field up to 5.5 T. The main
observation inferred from these measurements is that the
(hkl)£(0.67600) and (hkl)+£(00.676 0) families of mag-
netic reflections behave differently under applied mag-
netic field. The general trend may be illustrated by
means of the (0.32401) and (00.324 1) reflections shown
in Fig. 5.

Under increasing magnetic field applied along the
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FIG. 5. Diffraction intensity as a function of magnetic field.
Reflections were measured in increasing (blue) and decreasing
(orange) field applied along the [010] axis and in increasing
field applied along the [001] axis (black). (a) Intensity of
the (00.321) reflection (open symbols). (b) Intensity of the
(0.3201) reflection (closed symbols). (c¢) Domain populations
as determined by scaling the intensities of reflections in (a)
and (b) under increasing field applied along the [010] direc-
tion (blue squares) and determined from the refinement (green
diamonds). Solid lines are guides to the eye. The vertical line
marks the field of 2.5 T, the mid point of domain repopula-
tion.

[010] direction (blue symbols in Fig.5), the intensity of
the (00.3241) reflection increases and reaches a maxi-
mum with a plateau between 1 and 1.5T. Further in-
creasing the field reduces the intensity of the (00.3241)
reflection, which vanishes >3 T up to 5.5 T, the highest
field studied. Subsequently decreasing the field to 1T
(orange symbols in Fig.5), the intensity displays some
hysteresis as highlighted by a curve guiding the eye. Be-
low 1T, the intensity of the (00.324 1) reflection does not
drop to the value observed prior to increasing the field.
Instead, it remains high, with a small drop just before
the magnetic field reaches zero.

The behavior observed so far is contrasted by the inten-
sity of the (0.32401) reflection, which is shown in Fig. 5.
Under increasing magnetic field applied along [010] its
intensity decreases almost to zero at 1T, followed by an
increase, reaching a maximum at 3T, before slowly de-
creasing again when increasing the field further. Decreas-
ing the field next, reveals the reverse evolution of the in-
tensity. Analogous to the (00.324 1) reflection, the inten-
sity does not increase to reach the value before changing
the field, but remains low with a small upturn just before
the magnetic field reaches zero.

Turning now to the behavior for magnetic field along
the [001] direction (black symbols in Fig.5) the evolu-
tion of both reflections (0.32401) and (00.3241) is the
same. Both exhibit essentially the same intensity and a
monotonic decrease up to 4 T.

It is important to note that we did not observe any
changes of the magnetic modulation vector as such or
widths of the magnetic reflections for all applied fields
studied under both increasing and decreasing field. The
magnetic modulation vector determined under applied
fields is k=(0.677 (1) 0 0), consistent with the value pre-
sented in Sec. II1 C. In addition, we did not observe signif-
icant intensity of the second-order mixed satellites, such
as (0.3240.676 1) and others, that would be indicative of
a multi-k magnetic structure. Instead, the field depen-
dence of the magnetic reflections is clearly characteristic
of the formation of a multi domain, single-k AFM struc-
ture.

Namely, for a single-domain, multi-k structure, the
intensities of the (00.3241) and (0.32401) reflections
would have to be the same in some field range, whereas
a small field of order 0.25 T already changes the intensi-
ties of these reflections, as shown in Fig.5. Further, up
to 1T, the magnetic field changes the domain popula-
tion, almost saturating the volume of the domain with
the magnetic modulation vector along the field direction
(k || H), related to the intensity of the (00.324 1) reflec-
tion.

Above 1.5T, an unexpected exchange of intensity
may be observed between the two reflections and a re-
population of the magnetic domains. Decreasing the field
causes a hysteresis in the behavior of the intensities of
the magnetic reflections. The difference of intensity after
removing the applied magnetic field is, finally, charac-
teristic of the presence of magnetic domains. Here, the
relative intensities of the reflections allow us to determine
the field dependence of the domain populations, as shown
in Fig. 5(c).

E. Real-space depiction of magnetic order

Establishing that CePtAls exhibits a single-k magnetic
structure allows us to infer the orientation of the mag-
netic moments in real space. The single-k character of
the magnetic order lowers the symmetry of the tetragonal
I4mm space group to orthorhombic I'mm2, where two



TABLE III. Parameters of the CePtAls magnetic structure
determined from diffraction measurements at high magnetic
field applied along the [010] direction. Consecutive columns
correspond to the magnetic field, domain population ratio,
goodness of fit (GOF), R-factor for magnetic satellites, chosen
representation, and magnetic moment components.

poH (T) ki:kjy GOF Rsa: Repr. m; (us)

0 52:48 489 12.15 0z  m2=0.852 (25)
ms=0.484 (37)
0.75  10:81 9.25 14.75 02  m2=0.836 (82)
m3=0.494 (130)
15 13:87 8.44 16.71 oo m2=0.846 (77)
m3=0.52 (12)
5 95:5 135 899 o1 mi=0.64 (15)
5 95:5 13.62 8.12 02  m2=0.65 (16)
ms=0 (0.5)

irreducible representations o; and oo are allowed. For
k=(0.67600)=(k00), labeled k, since k L H | [010],
the o representation describes an amplitude modulated
antiferromagnet with the magnetic moment associated
with the Ce atom at Wyckoff position [z, y, 2|

mit(r) = [0, m; sin(2rkz), 0]. (1)
In comparison, the oy representation describes a cycloidal
modulation of magnetic moments in the ac-plane, with a
moment
KL (r) = [mgsin(2rkx), 0, ms cos(2rkx)].  (2)

'rng2

The parameters m; describe the amplitude modulation
along different axes. They may be refined using the ex-
perimental data. Note that, for the other domain with
k=(00.6760) labeled &, the modulation vector direction
is different, and the magnetic moments are given by

mﬁ! (r) = [m1sin(27ky), 0, 0], (3)

and

mil (7) = [0, ma sin(2rky), ms cos(2nky)]. (4

The refinement of the dataset collected at ugH=0, 0.75
and 1.5T strongly supports a cycloidal structure, where
the refined magnetic moment components are listed in
TableIIl, and the arrangement of the moments in real
space is shown in Fig.6. For the data collected at
5T the refinement is not conclusive, and both cycloidal
and amplitude-modulated magnetic structures account
for the data equally well.

One of the causes of this uncertainty may be the rel-
atively small number of reflections measured. For the
cycloidal model, the mg parameter, which is the modu-
lation amplitude along the c axis, is poorly constrained,
and the best refinement is obtained when setting it to
zero. As a result, at 5T, both models correspond to the
amplitude-modulated magnetic structure with moments
lying either along the b or a crystal axis, for the o; and
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FIG. 6. Depiction of the incommensurate component of the
magnetic order of CePtAlsz under applied magnetic field. (a)
and (b) Cycloidal phase with k || H observed <2.5T, viewed
along (a) the [100] direction and (b) the [00 1] direction. (c)
and (d) Amplitude-modulated phase with k L H observed
between 2.5 and 5.5 T with the moments oriented along (c)
the [010] direction or (d) the [100] direction; view along the
[001] direction (c axis). On the left-hand side of each panel,
a coordinate system is shown which corresponds to the size
of a nuclear unit cell. Next to each panel, the directions of
the modulation vector k and the applied magnetic field H are
shown. For the cycloidal structure, colors mark the azimuthal
angle between the magnetic moment and the [00 1] direction.
For the amplitude-modulated structure, colors mark the mod-
ulus of the magnetic moment.

o9 models, respectively, as shown in Fig.6. Since high
magnetic fields tend to align the microscopic magnetic
moments along the field direction, the model with the o
representation seems more likely. However, further inves-
tigations will be necessary to resolve these uncertainties.



F. Further discussion

The evolution of the magnetic structure in CePtAls un-
der magnetic field applied along the [01 0] direction may
be summarized as follows. At poH=0, two equally pop-
ulated magnetic domains coexist, supporting cycloidal
magnetic order described by Eq.(2) and Eq.(4). One
domain exhibits a modulation vector k; = (0.67600),
while the other exhibits kj = (00.6760).

Application of the magnetic field along the [010] di-
rection changes the domain populations, initially favoring
the domain with k;=(00.676 0). This domain population
becomes saturated between 1 and 1.5 T, where the mag-
netic moments are described by Eq.(4) as depicted in
Fig. 6(a) and Fig. 6(b). Further, between 1.5 and 3T, an
exchange of the intensity is observed between the mag-
netic reflections with k| and k1, as shown in Fig. 5(c),
corresponding to a domain repopulation. This repopula-
tion of the domains is associated with a transition to an
amplitude modulated structure, where the moments are
either oriented along [100] or [010] with a modulation
amplitude m ~0.65 up. In contrast, when the magnetic
field was applied along [00 1], we did not see any evidence
suggesting a reorientation of the magnetic moments, and
the domains remained equally populated at all applied
magnetic fields.

For magnetic field exceeding 3T, the intensities of
the magnetic reflections decreased monotonically with in-
creasing field for both field directions. This is consistent
with a reduction of the modulation amplitude and the
increase of the uniform magnetization detected in the
magnetization'?. Indeed, we observed an increase of in-
tensity at specific k = 0 reflections, reflecting the uniform
magnetization in the scattering process. Moreover, for
field applied along the [01 0] direction, the magnetization
measured at 2K and 5T of 0.75 up per cerium atom'?
was of the same order of magnitude as the amplitude of
the modulation, m3=0.65 ug, inferred from our neutron
diffraction measurements. Overall, the magnetic struc-
ture is consistent with the magnetic anisotropies deter-
mined from previous measurements'?'2, which establish
an easy magnetization plane (001) and a hard magnetic
axis along the [001] direction, since the main compo-
nents of the modulated part of the magnetization lie in
the (001) plane, as summarized in TableIII.

Most likely, the tilting of the magnetic moment
away from the easy (001) plane is the result of
Dzyaloshinskii-Moriya interactions allowed for the non-
centrosymmetric I4mm space group, see Tab. II in
Ref. 33. Alternatively, the field dependence may suggest
coexisting local and itinerant magnetism in CePtAls, as
reported for other cerium compounds*3®, where the itin-
erant electrons might carry the magnetic moment com-
ponent along the c¢ axis, driving the incommensurability
of the magnetic order.

Within the experimental resolution of our study, we
did not observe any changes in the length scales of the
magnetic modulations reflected in the constant compo-

nent of the modulation vector £=0.677 (1) under applied
field. Our experimental setup allowed us to clearly dis-
tinguish that the modulation is not commensurate with
k:%. The mechanism causing the formation of the in-
commensurability and the pinning of the magnetic mod-
ulation length cannot be explored further in our study.
Since it is unchanged for both field directions and up
to relatively high magnetic fields, it seems possible that
the pinning involves structural disorder and follows the
underlying atomic length scales of the disorder.

IV. CONCLUSIONS

In conclusion, we reported on a detailed neutron
diffraction study of the crystal and magnetic structure of
CePtAls complemented by specific heat measurements.
For our study, we have grown a large single crystal of
CePtAlz by means of optical floating-zone method, which
exhibits occupational and positional disorder on atomic
length scales in neutron diffraction measurements. In
the simplest scenario, the disorder affects the long-range
magnetic order, which is described well in terms of a
spread of the transition temperatures with an average
transition temperature Tn=3.03 (15) K and standard de-
viation o7, =0.48 (7) K. This model is quantitatively con-
sistent between the temperature dependence of the mag-
netic order parameter observed in neutron diffraction and
the distribution of anomalies in the specific heat at the
magnetic transition where TCNP =3K and 0%’\] =0.64K.

Measurements under applied magnetic field pro-
vided further information on the magnetic structure of
CePtAl;. For fields up to 1T applied along [010],
CePtAl; exhibits the characteristics of a multi domain
state with single-k, incommensurate, cycloidal magnetic
order. Between 1 and 1.5 T, a single domain state is sta-
ble. Further increasing the field causes a magnetic tran-
sition between 1.5 and 3 T, suggesting a change from cy-
cloidal to amplitude-modulated magnetic order. Above
3T, the magnetic order may be described by amplitude-
modulated moments in the tetragonal plane. For fields
applied along [001], no transitions were observed, and
CePtAl3 remains in a multi domain state up to 4T, the
highest field studied. Putative mechanisms at the heart
of the AFM order may be Dzyaloshinskii—-Moriya spin-
orbit interactions or, more speculatively, a mixed itiner-
ant and local-moment magnetism carried by the conduc-
tion and 4 f-electrons, respectively.

Taken together, the evidence for structural disor-
der and smearing of the magnetic phase transition in
CePtAl; at zero magnetic field and the magnetic field
dependence of the AFM structure from cycloidal to am-
plitude modulated order identify a highly unusual inter-
play of magnetic order, magnetic textures, and structural
properties in the presence of disorder in an f-electron
compound.
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