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Incommensurate magnetic structure and magnetism under pressure in Ho;Co
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The bulk magnetic measurements (dc magnetization, specific heat, ac-susceptibility) on Ho;Co suggest that its
magnetic structure changes continuously below the Néel temperature 7y = 21 K until another antiferromagnetic
(AFM) transition takes place at 7, = 9 K. In the temperature range 3 K < T' < Ty, the magnetic structure is de-
scribed by an incommensurate propagation vector k = («, 0, 0) with 0.1605 < o < 0.1585 and a commensurate
component kg = (0, 0, 0). For 7, < T < Ty, the spin arrangement consists of fanlike and cycloidal modulations
for the Ho and Co sublattices, respectively. Below T;, the presence of the 3k and 5k harmonics results in a
highly complex anharmonic ground state associated with the squaring up of the modulation. The evolution of
the magnetic modulations in Ho;Co within 3 K < T < Ty is explained by two active irreducible representations
under the Pnm’a(x00)000 magnetic superspace group, which allows the change of the structure without further
symmetry breaking. A significant moment contribution is detected in Co. Experiments reveal the coexistence
of glassy states, probably related to the complex noncollinear AFM structure at low temperature. In addition,
externally applied pressure shifts both transitions at 7y and 7, to higher temperatures. Eventually, high pressure

strengthens the AFM interactions at low temperature while the weak glassy states persist up to 1.1 GPa.
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I. INTRODUCTION

Rare-earth (R) intermetallics, typically forming the
archetype of strongly correlated electron systems, exhibit var-
ious quantum phenomena originated from complex magnetic
interactions and the competition therein. The 4 f electronic
localization crucially emphasizes the low-temperature mag-
netic states of such systems [1,2]. The binary intermetallics
formed with transition metal 7 (Co, Ni, Rh, Pd) and rich in
R, like R3T or RsT,, exhibit diverse physical properties [3—7].
Field-induced multiple phase transitions and several magnetic
transitions with temperature are some of the signature charac-
teristics of these compounds [2,8]. R3T systems crystallize in
orthorhombic Pnma space group, forming a Fe;C-type struc-
ture with two nonequivalent crystallographic sites (4¢ and 8d)
occupied by the R atoms while the transition metal is at the
4c site within the trigonal prisms formed by the rare-earth
atoms [5,9,10]. Within this family, Ho3Co is an interesting
case, as it exhibits two different antiferromagnetic (AFM)
transitions—one below Ty (~21-22 K) and the other below
T, (~8-9 K) [5,11,12]. The transition at 7; was indicated to
be of first order due to the formation of an antiferromagnetic
nucleus and its growth in the ferromagnetic matrix along the
c axis [5]. In another work, Podlesnyak et al. reported that
the magnetic ordering of Ho3Co between Ty and T; has two
propagation vectors, kg = (0, 0, 0) and k; = (0.15, 0, 0), and
below 7; higher harmonics of k; emerge [11]. Although it
can be inferred from the literature [11] that these wave vec-
tors along with the higher harmonics of k; might describe
the low-temperature magnetic structure of this compound, an
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appropriate solution of the structure does not exist. Thus,
despite various studies, this compound still attracts consider-
able attention for its complex magnetic structures at different
temperatures.

Previously it was reported that in the isostructural com-
pound Tb;Co, a spin-glass-like state coexisted with long-
range noncollinear AFM order [7]. The glasslike behavior in
that compound was mentioned to originate from the competi-
tion between the crystal electric fields (CEFs) and long-range
magnetic interactions [7]. To determine whether this spin-
glass-like state seen in Tb3;Co is element-independent or is
rather a characteristic feature of the R3T systems, HozCo can
possibly be considered for a comparative analysis.

The lattice parameters of Ho;Co are a = 6.9516(5) A b=
9.2742(8) A, and ¢ = 6.2138(6) A [13], so that the distance
between Co atoms is as large as ~4 A [5,14]. Hence, Ho;Co
might exhibit modulated magnetic properties, due to changes
in hybridization between the d and f electronic states, under
externally applied hydrostatic pressure (P). Even though the
consequence of high pressure on the magnetocaloric effect
(MCE) of Ho3Co is already reported, a detailed discussion on
the magnetic behavior under pressure is still lacking [13].

In the present work, the magnetic behavior of Ho3Co is
studied in detail at ambient conditions and under pressure with
the aim of a better understanding of the magnetic structure.
The spin structure of Ho3;Co and its evolution in the temper-
ature range 3 K < T < Ty are described here. The structure
model consists of complex modulations for the Ho and Co
magnetic sublattices expressed by two active irreducible rep-
resentations (irreps) allowing extra degrees of freedom under
the orthorhombic magnetic superspace group (MSSG). This
feature is the key to understanding the substantial changes
of the magnetic structure and properties of Ho3Co. Further,
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it is shown that pressure drastically affects the magnetism in
this system, and the AFM interactions are strengthened with
increasing pressure. Additionally, spin-glass-like states are
also shown to coexist in Ho;Co with an underlying long-range
AFM order, even at the highest achieved pressure of 1.10 GPa.

II. EXPERIMENTAL DETAILS

Polycrystalline Ho3;Co was synthesized by arc melting of
high-purity Ho and Co (Ho ~99.9% and Co ~99.999%) in
an argon atmosphere. To achieve better homogenization, the
ingot was remelted several times by turning it upside down.
Crystalline phase purity was confirmed by x-ray diffraction
and neutron powder diffraction (NPD) at room temperature.
The NPD pattern was collected in air for a wavelength of A =
1.48 A and was Rietveld-refined, as shown in the supplemen-
tal material (SM) [15] (see also Refs. [16-25] therein). The
NPD experiments were performed on the diffractometer FCD-
PD-III, which is equipped with position-sensitive detectors,
at the Dhruva reactor, BARC, India [26]. The temperature-
dependent NPD patterns were collected at A = 2.315 A at 3,
7,13, 18, 49, and 102 K by using a closed-cycle refrigerator
setup, and the data were analyzed with the help of the program
JANA2020 [27,28]. The nuclear contribution coming from the
data measured at a paramagnetic temperature (102 K) was
subtracted from each diffraction pattern at T < Ty. Thus,
only the magnetic intensities were used during the refine-
ments. The dc magnetization was measured using a Quantum
Design (QD) 9-T physical property measurement system
(PPMS) with a vibrating sample magnetometer (VSM), and
the pressure-dependent studies were performed in a QD HMD
high-pressure cell [29] compatible with VSM. Hydrostatic
pressure was transmitted to the sample by Daphne 7373 oil.
The applied pressure was monitored via the superconducting
transition temperature of a standard Sn manometer. Real and
imaginary parts of ac-susceptibility at different frequencies
were measured using the ACMS option compatible with the
9 T PPMS. Specific heat was measured on a 14 T Dyna-
cool PPMS that employs relaxation calorimetry with a 2t
approach. Field-dependent specific heat and zero-field data
were collected by using a vertical puck made by QD (PPMS
application note 1085-156) to incorporate such measurements
under high magnetic field for samples with large magnetic
moments, like the present one. The specific-heat data were
used in our earlier work to calculate the magnetocaloric effect
of Ho3Co [13]. For the magnetic relaxation measurements, the
compound was first cooled in the absence of any magnetic
field from its paramagnetic state (~150 K) to the desired
temperature, and a magnetic field of 5 T was applied. The field
was allowed to stabilize for 1 h before being finally switched
off. Subsequently, time-dependent relaxation of magnetiza-
tion data were collected for 8 h, and the same protocol was
used for measurements under different pressure conditions
(0.46 and 1.10 GPa).

III. RESULTS

A. dc magnetization

To macroscopically map the magnetic state of Ho3Co, dc-
magnetization (M) was measured in the presence of an applied
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FIG. 1. Temperature-dependent magnetization of Ho;Co mea-
sured in ZFC and FCW under a field of 0.01 T. The arrows indicate

the transition temperatures 7y and 7;. The inset shows the thermal
hysteresis between the FCC and FCW curves for T < Ty.

dc field (H) of 10 mT by following “zero-field-cooled” (ZFC)
and “field-cooled-warming” (FCW) paths. The ZFC-FCW
results are displayed in Fig. 1 and are in accordance with
our earlier work [13]. It is observed that Ho3;Co orders an-
tiferromagnetically below Ty ~ 21 K and undergoes another
AFM transition at T; ~ 9 K, consistent with previous reports
[5,11,12]. Upon further cooling, the ZFC curve is found to fall
off quickly as temperature tends to 3 K. On the other hand, the
FCW curve is seen to deviate from the ZFC curve below Ty,
although it follows the ZFC data closely down to 12 K. At this
temperature, the FCW curve rises sharply to finally level off
as temperature approaches 3 K. Further, when the data were
recorded in a cooling (FCC) and a warming cycle under “field-
cooled” measurement, a clear thermal hysteresis, indicating
the first-order nature of the magnetic transition at 7;, was
observed as displayed in the inset of Fig. 1 [5,30,31]. A higher
value of effective paramagnetic moment (ier = 10.9 uz/Ho)
than the free ion moment of Ho®>* (10.61 ug) [1] is obtained
upon performing a conventional Curie-Weiss analysis on the
high-temperature ZFC curve. Similar higher values of ps
were already reported and attributed to spin fluctuations orig-
inated by f—d exchange in the Co 3d electrons [5].

For further investigation, M versus H virgin isotherms
were measured up to Hp,x (=9 T) at several temperatures
after ZFC from the paramagnetic region (150 K). The data
at some selected temperatures are displayed in Fig. S1 in
the SM [15]. In the low-field region, weak but clear meta-
magnetic transitions originating from the AFM interactions
can be seen. The full M—H loops are displayed in Fig. 2.
Magnetic hysteresis is quite small, and the value of coer-
civity (Hc) at 3 K is ~0.12 T, which falls off rapidly with
increasing temperature. The variation of H¢ can be described
by the expression He = HY exp(—kpT /o) [32], where H is
the value of Hc at T = 0, kg is Boltzmann’s constant, and
« is the parameter measuring the energy barrier needed for
the displacement of domain walls. The fitting of In(H¢) with
temperature is shown in inset (a) of Fig. 2. The slope of
the linear fit provides the value of o = 231.4 eV /K. From
this parameter, it can be inferred that slight perturbations
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FIG. 2. Isothermal magnetization of Ho;Co recorded in ZFC
mode within £ 9 T at selected temperatures. Variation of coercivity
(Hc) with temperature is shown in inset (a). The data were fitted to
quantify the stability of domain walls (fitting expression is given in
the text). The decreasing nature of the saturation magnetization at
9 T with temperature is shown in inset (b).

might modulate the magnetic domains in this compound. The
estimation of the saturation moment per Ho atom at Hpx
(nor/Ho) is delineated in the inset (b) of Fig. 2. These values
are in good agreement with the saturation moments reported
along different crystallographic axes in Ref. [5]. The maxi-
mum value of pg/Ho (~6.1 uz/Ho) at 3 K gradually decays
with increasing temperature. This value corresponds roughly
to 57% of the total moment tabulated for the Ho>* free ion
[1]. This again signifies that the magnetic moments are not
fully aligned in the field direction even in the presence of
Hy.x. Such deviations from the free ion moment values can
be caused by strong CEF [33] and by a noncollinear magnetic
structure [11]. In fact, our results presented in Sec. III D also
show a complex modulation for the spins, which possibly
prevents their full alignment.

B. Specific heat

The specific heat (Cp) was measured as a function of tem-
perature for HozCo and the results are presented in Fig. 3. A
peak can be seen at Ty, whereas broad humps are observed
around 7; (~9 K) and at 13.5 K. The peaks in the first deriva-
tive of Cp as a function of temperature at zero-field clearly
confirm these features for Ho;Co (see Fig. S2 in the SM [15]).
These observations were already reported, but no discussion
can be found regarding the hump around 13.5 K [5,17]. How-
ever, the magnetic part of specific heat (C,,) was deduced by
subtracting the nonmagnetic contributions, i.e., electronic and
lattice (phonon) parts from Cp. The nonmagnetic contribution
to Cp data, as shown in Fig. 3(a) by a black continuous curve,
was obtained by using the full Debye expression [34] along
with the electronic contribution given by C,; = y T, where y
is the Sommerfeld coefficient. The phonon contribution (Cyp)
was calculated by using Eq. (1) [34],

1 3 Op/T x4ex
Con = G =R — ——dx, 1
ph = Cpebye = In <®D) /(; @ — 1) x (D

100

C, (Jimol-K)

C,, (J/mol-K)

15 20 25 30
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FIG. 3. Calculation of magnetic contribution to the total specific
heat of Ho3Co. The black curve in (a) is the theoretically generated
nonmagnetic part of Cp data, whereas the dark blue curve is the
estimated magnetic contribution (C,,) in zero-field specific heat. Part
(b) displays the low-temperature variation of C,, in the presence of
different magnetic fields.

where n is the number of atoms in the formula unit (n = 4
for the present case), R is the universal molar gas constant,
and ®p is the Debye temperature. The estimated magnetic
contribution, C,,, is shown in Fig. 3(a) (dark blue curve).
Details about the fitting parameters can be found in the SM
[15].

Upon application of magnetic field, the peak around Ty
is found to be significantly suppressed, as can be seen from
Fig. 3(b). In fact, a 1 T field is strong enough to broaden the
intense peak. A field increase results in further broadening.
The low-temperature humps present in zero-field data vanish
in the presence of H = 3 T [Fig. 3(b)]. The hump at 13.5 K is
not discernible even in the presence of H = 1 T, whereas the
hump around 9 K is still present at the same field. Though the
origin of the hump at 13.5 K is not clear at this point, a careful
inspection of the ZFC magnetization and ac-susceptibility
data in the following section (see Sec. III C for further details)
reveals anomalies at ~12.3 K and at ~13.5 K, respectively.
However, a bulge centered around 17 K can further be seen in
the ZFC magnetization curve (Fig. 1), corresponding to a clear
hump in the ac-susceptibility data. All these anomalies seem
to suggest that either the magnetic structure of this compound
is going through a few steps as temperature is lowered from Ty
to T;, or the structure is changing continuously until reaching
the state at T < T;. In addition to the above discussion, the
neutron diffraction data (see Sec. III D) collected for HozCo
suggest that the modulation of the magnetic structure changes,
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FIG. 4. Temperature dependance of ac-susceptibility data of
Hos;Co: (a) real part x’, (b) imaginary part x”. Data around Ty
showing a slight frequency dispersion in ac susceptibility are plotted
in the insets.

and the observations in the present work seem to indicate that
spins are reorienting further as temperature decreases.

The magnetic contribution in zero-field shows a broad
hump persisting beyond Ty and culminating around 35 K.
This feature has been attributed to the Schottky-like anomaly
and short-range spin correlations [5,17]. At this point, one
could investigate the nature of the short-range spin correla-
tions manifested in Ho3Co. The low value of o from the
coercivity analysis of the magnetization data also suggests
vulnerable magnetic domains. A general question is whether
these short-range spin correlations perturb the long-range
magnetic interactions at low temperature in HozCo. To answer
this question, studies of ac susceptibility at a low magnetic
field were carried out in this compound.

C. ac susceptibility

The real (x’) and imaginary (x”) parts of the ac suscepti-
bility measured at various frequencies in an ac field (H,.) of
0.3 mT for Ho3Co are shown in Figs. 4(a) and 4(b). Apart
from the peaks around 7y and 7;, a clear dip at 13.5 K and
a hump at 17 K are also observed in the x’ data. These ad-
ditional features have already been discussed in the previous
subsection (III B). However, the ac-susceptibility data exhibit
clear frequency dispersion around 7y and 7;. The dispersion
around 7y was found to be small (~ 0.1 K) compared to the
dispersion around 7; (~ 0.7 K). These frequency dispersions
seen in the x’ data were further analyzed in a quantita-
tive manner by the following relation: ¢ = AT, /(TyAlogf)
[35,36]. The parameter ¢, also known as the Mydosh
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FIG. 5. CSD analyses for two different glassy regions. The fitting
protocol is described in the text. The main figure displays the fitting
of the data corresponding to the peak around 7y, whereas the inset
shows the same for the peak around 7;.

parameter, yields a value of 0.003 for the peak around Ty
and 0.035 for the peak around 7;, and it is found to agree
well with the values reported for different spin-glass systems
[36-38]. In the above expression, Ty is the peak temperature
at various frequencies. Here the susceptibility data are ana-
lyzed in terms of the “critical slowing down model” (CSD) to
check for a possible glasslike behavior [39]. According to this
model, the divergence of the relaxation time (7) as temper-
ature approaches the transition temperature (7,) is measured
and analyzed. T, is the dc value of Ty(f), i.e., Ty (f — 0).
Now, the correlation length between the spins (§) diverges as
& ~ €7V, where € = (T — T,)/T, is the reduced temperature
and v is the static critical exponent. Further, the relaxation
time (v = 2m/f) is related to & as t o« &° due to the
correlated dynamics, where z is the dynamic critical exponent.
Assuming conventional CSD, the relaxation time () can be
expressed as Eq. (2) [37,39,40],

T —T,77%
r=ro[fT g} : @)
8

where Ty is the freezing temperature measured at the peak
of x’, and t can also be considered as the dynamical fluc-
tuation time, which is comparable to the perception time
tops = 1/2m f. Further, 7y is the spin flipping time, which
is of the order of ~10~!13 s for single spin flip and ranges
from ~10712 to ~10~* s for metallic spin glasses [22,41,42].
The fitting of the data in terms of the above model for the
peaks around 7Ty and T; is presented in Fig. 5 and its inset,
respectively. The parameters estimated from the fitting are
tabulated in Table I. The values of zv, a measure of glassiness,
are lying well within the familiar range of 5-10, whereas
the value of 7y is smaller for the peak at 7y and larger for
that at 7, than the expected values for canonical spin-glass
materials [20,22,41,42]. The analysis of the x’ data according
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TABLE 1. Fitting parameters from CSD analysis of x’ data.

T (K) 7o (s) T, (K) v
Ty 5.02 x 10722 21.33 8.9
T; 4.40 x 10710 8.18 8.0

to the Vogel-Fulcher (VF) law, accurately followed by the
interacting spin systems, was also performed and discussed
in the SM [15,20]. In addition, the data were checked with
the Tholence criteria valid for various spin-glass-like systems,
and the results were added to the SM [15,21,23]. All these
observations seem to point to the coexistence of glassy states,
not exactly canonical spin-glass-like, with antiferromagnetic
order driven by Ruderman-Kittel-Kasuya- Yosida (RKKY) in-
teraction at low temperature in this compound. Furthermore,
the long-range AFM interactions are always dominating in
nature over the interactions forming these glassy states.

D. Neutron powder diffraction

Hereafter, to delve into the microscopic magnetic struc-
ture of Ho3Co, NPD patterns were collected as a function
of temperature. The portion of the data below 70° is shown
in Fig. 6(a) to emphasize the magnetic contribution to the
diffraction patterns. However, the Rietveld refined data up to a
higher angle at a paramagnetic temperature (102 K) are shown
in Fig. 6(b) [43-45]. Upon cooling the compound from the
paramagnetic state [Fig. 6(a)], many additional peaks were
found to develop at T < Ty (~21 K). It is further noticed that
the patterns at 7 < 7, (~9 K) are clearly different from the
ones within 7} < T < Ty. This points to different magnetic
structures in these two regions.

Further, a comparison of the diffraction patterns at 18 and
13 K supports the speculation drawn from other bulk measure-
ments (specific heat, dc-magnetization, and ac-susceptibility)
that the magnetic structure is changing within the range 7; <
T < Ty. The most prominent changes in the diffraction pat-
terns collected at these temperatures are shown on the same
scale in the inset to Fig. 6(a). Many peaks that were either
small or shoulders of other peaks at 18 K are found to develop
and be more pronounced at 13 K, such as the ones indicated
by * in the inset of Fig. 6(a). This result backs up a somewhat
different magnetic structure at 13 K and provides additional
support to the findings made from the bulk measurements in
earlier sections.

A first attempt to refine the neutron data at 18 K was
made by using the wave vectors reported in the literature [11],
ie., ko =(0,0,0) and k; = (0.15,0, 0). The resulting Ri-
etveld fitting of the data was not satisfactory. Thus, a random
search for a suitable incommensurate modulation vector was
performed in JANA2020 [27,28]. Indeed, new vectors kg =
(0.1585(19), 0, 0) and ki3 = (0.1596(8), 0, 0) were obtained
for the data at 18 and 13 K, respectively. At this point, the
Rietveld refinement showed satisfactory agreement between
the experimental data and the calculated pattern at both tem-
peratures, as can be seen in Figs. 7(a) and 7(b) [43-45].
Refinements of the full patterns at these temperatures are
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FIG. 6. (a) NPD patterns of Ho;Co as a function of temperature.
The appearance of new peaks at low temperatures is suggestive of the
presence of AFM ordering in the system. The changes in magnetic
structure within 7} < T < Ty can be seen in the patterns, at 13
and 18 K, with new peaks indicated by *, as shown in the inset.
(b) Rietveld refined NPD data at 102 K. The array of vertical lines
are the Bragg positions for nuclear reflections.

shown in Fig. S6 in the SM [15]. The fitting factors and the
refined parameters are listed in Tables S7— S8 [15].
Representation analysis was performed within the mag-
netic option of JANA2020. The program calculates the MSSG
consistent with the possible active irreps for the parent struc-
ture and the respective propagation vector(s). Below Ty,
the magnetic structure of Ho3;Co has propagation vector k
= (,0,0) with & ~0.16 (XZ-line of the Brillouin zone)
in the parent space group Pnma, with Co and Hol at 4c
(x,1/4,7), and Ho2 at 8d (x,y,z) (see Table S4 in the
SM [15]). The symmetry analysis returned four possible or-
thorhombic MSSG: Pnma.1’(«00)000s, Pnma.l’(«00)0sss,
Prnma.1’(«¢00)00ss, and Pnma.1’(«¢00)0s0s for the correspon-
dent irreps mSM1, mSM2, mSM3, and mSM4, respectively.
The best fit of the experimental data is given by the MSSG
Pnma.1’'(«¢00)0s0s (mSM4), as can be seen in Table S5 in
the SM [15]. This model corresponds to cycloidal modu-
lations for the spins of all atoms. However, it was noticed
that the experimental intensities of the main reflections were
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FIG. 7. Rietveld refined NPD data at 18 K (a), 13 K (b), and
3 K (¢). The nuclear contribution at 102 K has been subtracted from
the experimental data at each temperature. The Bragg positions cor-
responding to magnetic contribution coming from Kk, are indicated
by the first array of vertical lines (from top), whereas the second
set describes the contribution of kig, ki3 (for the data at 18 and
13 K) and k;, 3k,, and 5k, (for 3 K). The arrows in (a) indicate a
significant magnetic contribution from k,. The major contributions
to each reflection in (c) are labeled accordingly.

systematically underestimated. That is, a contribution associ-
ated with kg = (0, 0, 0) must be considered to improve the
fitting of these reflections. This is also in accordance with the
previous work [11], where the I"-point component was used to
fit the data. For instance, the calculated structure factor (F?)
for the peaks (1,1,0) and (1,1,1) [indicated by black arrows in
Fig. 7(a)] increases from 0 to 20.88 and 11.39, respectively,

by considering the contribution from k. The refinement fac-
tors R, and Ry, for the main reflections at 18 K are 5.3%
and 10.2% when not taking into account the ky contribution,
whereas with (K;g + Ko), the same factors are 3.0% and 5.5%,
respectively.

The presence of the ko component translates into a
decrease in symmetry. The model for the spin configura-
tion realized in Ho3Co must be a subgroup of the MSSG
Pnma.1’(«¢00)0s0s that does not contain the symmetry opera-
tion {1’ | 0001/2}. The four MSSGs that fulfill this condition
are Pn'm’a(«00)000, Pnm'a’ («00)000, Prn'm’a’ («00)000, and
Pnm’a(@00)000. Each one of them corresponds, respectively,
to a set of two active irreps containing the contribution from
the I'-point and the X-line modes acting over the spins:
mGM?2 4+ |[mSM4, mGM3 4+ |[mSM4, mGM1—|mSM4, and
mGM4—|mSM4. The experimental data are best fit by the
MSSG Pnm’a(a00)000 (irreps mGM4—|mSM4). The agree-
ment factors obtained during the refinements, together with
the refined profile parameters and the spin components of the
modulation at different temperatures, are listed in Tables S5—
S8 in the SM [15].

The magnetic structure of Ho3Co at 18 K is presented in
Fig. 8(1)-8(iv). The point group for the MSSG is m'mm and
the magnetic atoms were kept at the same positions compared
to the paramagnetic phase. That is, the modulation wave for
Hol and Co (4c) is forced by symmetry to be in the ac plane.
The Hol spins are arranged in a fanlike structure [2], with
fan spanning of ~100° and moment amplitude of 4.1(3) u;.
Any adjacent spin has opposite chirality, as can be seen from
Fig. 8(iii). The Ho2 atoms are at their general position, having
free spin components in all space directions [Fig. 8(i) and
8(ii)]. In fact, the Ho2 spin modulation is also a fan, but in this
case the fan plane is 57° away from the a axis. Any two adja-
cent Ho2 atoms along the propagation direction are related by
an improper twofold rotation, as can be seen from Fig. 8(ii),
which shifts the plane and the sense of the spin rotation
[Fig. 8(iv)]. The amplitude of the Ho2 spin is 2.72(10) ug. At
the same time, Co spins describe a circular modulation within
the ac plane [Fig. 8(iii)], having an amplitude of 1.4(3) u;.
Thus, according to this model the Co atoms do carry a sig-
nificant moment at 18 K, at variance with previous works on
the HosCo structure [5,11,46]. In fact, the refinement factor
(Rops) for the satellite reflections improved to 7.42 from 8.10
by allowing a magnetic contribution from the Co atoms. Some
reflections for which the calculated magnetic structure factor
(F:Mag) changes the most with the Co magnetic contribution
are listed in Table S9.

The other sets of experimental data collected at 7 < 18 K
were analyzed similarly to what was described for the set at
18 K. At 13 K, the structure is the same as at 18 K, but with
larger magnetic moments [amplitudes of Hol, Ho2, and Co
spins are 6.57(19) ug, 4.95(15) ug, and 2.1(2) wg]. This is in
line with the drastic changes in the macroscopic magnetic
quantities within 7; < T < Ty, as discussed in the earlier
sections.

For T < T;, the diffraction patterns show some different
intensities when compared to the patterns for 7 > 7, (13 and
18 K data). It can be speculated that the ground-state magnetic
structure might be more complex than that between 7y and
T;. Indeed, the appearance of higher harmonics of k; in the
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FIG. 8. Magnetic structure of Ho3;Co at 18 K. (i) The spin modulation for Hol (dark blue), Ho2 (blue), and Co (red) represented in a
6 x 1 x 1 supercell of the parent orthorhombic unit cell (black arrows with dotted lines); (ii) shows the orientation of the moments for the
three sublattices. Hol and Co spins are restricted to the ac plane, whereas Ho2 spins are in a plane 57° away from the a axis. Part (iii) shows
the fanlike structure for Hol, where the ith spin moves anticlockwise (ACW) and the jth spin clockwise (CW). Co spins describe a cycloid.
Part (iv) displays the fanlike structure for Ho2 spins in which the ith (jth) spin rotates CW (ACW).

temperature range below 7; was reported in the literature
[11]. Initially, an attempt was made to solve the structure at
3 K by following the same procedure that was adopted to
solve the structures for 7 > 7;. A propagation vector k, =
(0.1605(3), 0, 0), very close to k;3, was obtained from the
random search procedure, but this was not enough to index
all the peaks in the pattern. Thus, higher harmonics, i.e., 3k,
and 5k;, were allowed throughout the fitting and refinement
of this magnetic structure under the MSSG Pnm’a(«00)000
[25]. The best fit for the subtracted data at 3 K is presented
in Fig. 7(c), and a full pattern refinement is also shown in
Fig. S7 in the SM [15]. A reasonably good match between
the experimental and calculated patterns is seen. The refined
parameters and the refinement factors can be found in Tables
S7- S8 in the SM [15]. At 3 K the moment modulation in
Ho3;Co is no longer sinusoidal but is rather described by a
square wave associated with the propagation vector k, and its
third and fifth harmonics. This is confirmed by plots of the
moment amplitude variation across one period of the modu-
lation presented in the SM (Fig. S9) [15]. The contribution of
these two harmonics 3K, and 5k, to the moment modulation
is estimated to be about 13% and 41% of the first harmonic in
average amplitude, respectively. The larger contribution from
5k, can probably be attributed to the clustering of the mag-
netic moments into certain directions as a consequence of the
competition between exchange and anisotropy components of
the free energy [47]. A very similar k vector was obtained by
random search for the data at 7 K, thus the same k, was used
during the refinement.

The analysis done so far provides interesting results. The
magnetic state associated with a k-vector of type («,0,0)
with 0.1605 < o < 0.1585 is always present down to the
lowest temperature, and higher-order harmonics combine be-
low T; to give rise to a complex incommensurate magnetic
structure with the squaring up of the modulation. Below Ty,

the magnetic modulation is continuously strengthened with
a decrease of temperature, and finally below 7; it becomes
anharmonic and thus minimal changes in the magnetic struc-
ture are seen at 7 < T;. This behavior is quite well explained
by the magnetic structure model realized by Ho3;Co under
the MSSG Pnm’a(a00)000, which includes two irrep modes
mGM4—|mSM4. The GM-point component associated with
mGM4- plays a crucial role, as it introduces degrees of
freedom to the structure, namely the presence of high-order
harmonics. This is rather important as it results in the pos-
sibility of continuous change in the magnetic modulation for
T < Ty without further need for symmetry breaking down to
3 K. Another outcome is that the moment contribution coming
from Co especially for T < 13 K is quite significant in this
compound. At the same time, it can also be remembered that
spin fluctuations in 3d or 4d bands coming from the tran-
sition metal through f—d exchange interaction significantly
affect the magnetic moments in R37 compounds [5,48]. An
estimate of the effective magnetic moment of Co in terms
of such fluctuations was reported by Baranov et al., and it
is worth mentioning that the obtained moment values in this
section agree well with the magnetization reported for HozCo
along different crystallographic axes [5].

E. Magnetization under high pressure

The magnetic nature of Ho;Co at ambient conditions is
explained in detail in the previous sections, and to explore
the changes in magnetic behavior of this compound in the
presence of high pressure, ZFC magnetization was measured
at H = 0.01 T in different pressure conditions up to 1.10 GPa,
as shown in Fig. 9. It can be noticed from this figure that
the behavior of ZFC curves is modulated reasonably upon
application of pressure as Ty is found to increase by 9%
with dTy /dP = 1.40 K/GPa (inset of Fig. 9). This is quite in

214417-7



SRIKANTA GOSWAMI et al.

PHYSICAL REVIEW B 109, 214417 (2024)

0.18 |- P (GPa)
—— Amb
—0.01

- —0.24
5 012} ——046
E;
S I
0.06 -
o_oo 1 " 1 " 1 " 1 " 1 " 1 " 1

0 10 20 30 40 50 60 70
T (K)

FIG. 9. ZFC magnetization of Hos;Co recorded at a magnetic
field of 0.01 T under applied hydrostatic pressure up to ~1 GPa. The
inset shows the shift of 7y and 7, with pressure. The black continuous
lines correspond to a linear fit to the data.

contrast with that observed in the case of Tb3;Co [49]. How-
ever, the reason behind this increase of 7Ty with pressure may
rightly be attributed to the proximity of the spins resulting in
an enhancement of ordering temperature with pressure [50].
On the other hand, the AFM transition at 7; is found to be
largely modulated by the application of pressure. The intense
peak observed at zero pressure is flattened progressively and
shifted to higher temperature by 20% as shown in the inset of
Fig. 9. The rate of the increase is estimated as d7; /dP = 1.55
K/GPa. Further, the ZFC-FCW data as a function of pressure
are displayed in Fig. S11 in the SM [15]. The continuous
abolition of the sharp peak at 7; with increasing pressure is
again reflected in FCW curves as well.

To delve into more detail, M versus H isotherms were
collected as a function of pressure, and the data at selected
temperatures are displayed in Fig. S12 in the SM [15]. The
significant changes in the shape of the loops from single
s-shaped to double s-shaped, especially in the low-field re-
gion shown in Fig. S12 [15], indicate conventional collinear
AFM-like structure under pressure in this compound. The
strengthening of the AFM interactions at low temperature is
further supported by the increase of the critical field required
for the metamagnetic transition (H,) with pressure, and the
details are furnished in the SM [15].

At this point a small comparison can be made, with an
isostructural compound Tb3Co, for the effect of pressure on
the magnetic behavior. It is observed that pressure affects
the magnetism in Ho3;Co profoundly at the low-temperature
region, whereas in the case of Tb3Co mostly the higher-
temperature region below Ty was affected, and also the
magnetic transition temperatures were decreased with increas-
ing pressure [49].

F. Time-dependent magnetization

In the earlier section, it was seen from the ac-susceptibility
studies performed that Ho3;Co exhibits glassy states coexisting
with long-range AFM order at two different temperatures.
This prompted us to perform experiments on magnetic

0.7
Ho,Co

0.6 © Amb
S | T=5K © 0.46 GPa
L
=
S
\g 0.5

0.4f

1 1 1 1 1 1 [

0 75 150 225 300 375 450
time (min)
FIG. 10. Relaxation of magnetization for Ho;Co at different

pressures at 5 K. The solid continuous curves represent the fitting
of the data to Eq. (3).

relaxation and memory effect under applied pressure to
examine the glassiness of this compound. Relaxation of mag-
netization studies were performed at different temperatures,
such as 5 K (T < T;), 16 K (T < Ty), and 30 K (param-
agnetic region), following ZFC protocol. The measurement
convention is already described in the experimental details,
and after obtaining the magnetic relaxation, the data [M ()]
were normalized to their value at = 0 (magnetization at H =
0), and M(¢t)/M(t = 0) is finally plotted as a function of time
in Fig. 10. The magnetization at 5 K is still relaxing even at the
end of 8 h. The relaxation seemed to be faster with increasing
pressure as the limiting values of M(z)/M(t = 0) at the end
of data collection were found to be 0.46, 0.43, and 0.40 for
ambient, 0.46, and 1.10 GPa, respectively. The relaxation at
16 K was much faster and at 30 K it was almost instantaneous,
as expected for the data at the paramagnetic region. The data
at 5 K were then fitted with the stretched exponential equation,
given by Eq. (3):

M(t) = My £ Mgexp(—t/7)' ™", 3)

where My describes the intrinsic magnetization, M, is the
glassy component of magnetization, T is the characteristic
relaxation time, and n is the stretching exponent. The + sign
is indicative of magnetization decay (+) or growth (—). The
quantities n and t both depend on temperature. The value of n
varies in [0, 1], where 1 implies no relaxation and O indicates
relaxation with a single relaxation time. The values of 7 and n
from the fitting of M (t)/M (¢t = 0) data to Eq. (3) are tabulated
in Table II.

TABLE II. Parameters obtained from the fitting of magnetic re-
laxation data at 5 K to Eq. (3).

P (GPa) T (8) n

Ambient 78 0.841
0.46 33 0.840
1.10 21 0.817
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The value of T at ambient conditions is only 78 s, although it
should be ~ thousands of seconds for a canonical spin-glass
system [51]. Thus, the glasslike character in this compound
is very weak and far from any canonical spin glass, even
compared to the other isostructural compound Tb3Co [7,49].
If the measurement were taken at 2 K instead of 5 K, then
a higher value of t could have been expected, as 5 K is
closer to the glass temperature associated with the transition
at T;. However, the value of n agrees well with the values
found for other spin-glass systems [52]. Moreover, the values
of T and n are found to decrease with increasing pressure.
This suggests that the weak glassy states found in Ho;Co at
ambient condition are further weakened by external pressure.
Additional support for the existence of the glassy states is
obtained from the magnetic memory effect experiments [24]
at different pressure conditions (see the SM [15]).

IV. DISCUSSION

The results presented here uncover further the complex
magnetic order in Ho3;Co. AFM helical structures result from
the interplay between competing exchange interactions in
the system. Furthermore, in the absence of external mag-
netic fields, the features of the helix (helices) depend on
the magnetocrystalline anisotropy emerging from the struc-
ture and symmetry of a particular compound. The long-range
RKKY exchange interaction and its competition with the low-
symmetry CEF particularly influence the magnetic behavior
in this compound [5]. The CEF effect is also reflected in
the Schottky-like anomaly in the Cp data. The temperature
variation of Cp under applied magnetic fields together with
dc and/or ac magnetization suggest a change in the magnetic
structure between Ty and 7;. In fact, the description of the
incommensurate magnetic modulation of Ho3;Co under the
MSSG Pnm'a(x00)000 confirms it. This MSSG correspond-
ing to two active magnetic irrep modes intrinsically introduces
higher-order harmonic degrees of freedom associated with an
important ko contribution, allowing the noticeable changes
of the magnetic structure without further symmetry breaking
at 7;. Moreover, below Ty this zero-field model reproduces
the magnetization curves for Ho;Co measured along the main
crystallographic directions at a 5 mT field in a previous work
(Ref. [5], Fig. 1). It is also consistent with the magnetization
dynamics involving spin rotation to align with the applied field
along the main crystallographic directions [5].

Fanlike structures are commonly found in field-dependent
phase diagrams of antiferromagnetic materials for intermedi-
ate applied fields which break the zero-field helical structure.
The fanlike structure realized by the Ho2 sublattice at 18 K
is quite curious, and probably some geometric frustration is
also at play here. As shown in Fig. S10 in the SM [15], the
Ho2 spins are left to rotate in a plane that is 57° away from
Hol, and very close to the Ho2-Hol dihedral bond angles
(60°) in the distorted tetrahedral space along the propaga-
tion direction. Initially, the sequence of spins is two Ho2 in
and two Hol out alternating two Ho2 out and two Hol in
the next distorted tetrahedra along the modulation direction.
This sequence seems to be perturbed by the Hol rotation
in the ac plane, which is symmetry-protected, sustaining the
modulation as some lattice period is needed for the spins to

reach again a more stable configuration. Another important
outcome is that below the second magnetic transition at 7;,
the anharmonic nature of modulation manifests itself by the
presence of 3k and 5k harmonics. Interestingly, Ho metal
also exhibits a distorted helical magnetic structure at low
temperature which is governed by 5th and 7th harmonics of
the primary modulation [53]. In reference to the squaring-up
process, the emergence of the third harmonic is also evident in
the case of Ho7Rhj3 [54]. The squaring up of the modulation
wave of a magnetic structure is a mechanism of lowering
the energy of the system while keeping an incommensurate
modulation. In general, a system at low temperature either
undergoes a transition to a stable commensurate magnetic
structure or remains in an incommensurate magnetic structure
by squaring up of the modulation leading to the emergence of
higher-order harmonics [55,56].

The complex noncollinear magnetic structure along with
strong magnetic anisotropy [5] probably plays a crucial role
behind the formation of spin-glass states at low tempera-
ture. Despite the long-ranged periodic order, the single-ion
anisotropy could further tilt the spins at the local level such
that any of its components can randomly be frozen. This
frustration may be attributed to the random freezing of some
spin components to finally develop short-range magnetic in-
teractions leading to spin-glass-like states at low temperature
in this compound. This is also in line with the existence of
some possible geometric frustration. The external pressure,
on the other hand, possibly modifies the distance between
nearest atoms (~3.5 A), which in turn increases the prob-
ability of more interactions, frustrations, and the freezing
of components of spins. Nevertheless, no direct evidence is
found in terms of diffuse scattering in neutron diffraction [36].
One plausible explanation is that the disorder, responsible for
originating the short-range magnetic interactions in a system,
should be strong enough to be reflected in NPD. The absence
of diffuse scattering in neutron diffraction is also reported
for many magnetic compounds with coexisting spin-glass
states, such as Tb,PdSiz and Dy,Culn; [57,58]. However,
the observation of memory effects can be held as another
piece of confirmative evidence for the spin-glass dynamics
irrespective of its origin to enact canonical spin-glasses or
if the dynamical nature of spins is originated by intercluster
interactions [24,59]. Relaxation of magnetization and memory
effects have been observed in canonical spin-glass systems,
and according to the droplet model the growth of domains
of correlated spins particularly governs this behavior [60,61].
Relative spin orientations in different domains situated at a
distance larger than a characteristic length are quite sensitive
to small perturbation in temperature, and thus further growth
of domains occurs [61].

Contrary to the literature [4-7,62], a significant moment
contribution from Co is detected in this work. It is hard to
rule out from the present data whether this moment is induced
by f—d exchange interaction in the d-electron subsystem
[4-7,48] or by the modulation involved with the noncollinear
magnetic structure. The Co atoms and Hol atoms being at
the same crystallographic position have the same symmetry
restrictions derived for the spin directions. This fact has two
direct implications: first, the influence of the dynamics of the
Hol spin modulation and the respective local field over the
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Co spin cannot be discarded; second, the contribution from
the Co sublattice alone cannot be disentangled from Hol
by means of powder diffraction techniques. The additional
moment calculated for Ho in Ho;Co [5] and attributed to f—d
exchange in the d-electron subsystem in the transition metal
[5,48] is de facto the contribution from the Co sublattice. The
enhancement of the g at several temperatures was estimated
by Baranov et al. [5] to be around 1 ug/f.u., which is con-
sistent with the values refined for the Co spin in the present
work. Information from element-specific experiments, such as
x-ray magnetic dichroism or resonant elastic x-ray scattering
performed on single crystals, would be invaluable not only to
unambiguously comment on the origin of the moment contri-
bution from the Co sublattice, but also to clarify other aspects
of the magnetism in Ho;Co. Magnetic diffuse scattering, the
role of high-order harmonics, the angular dependence of the
magnetization, and magnetoelastic couplings are aspects to be
exploited in order to gain further insight into the nature of the
incommensurate magnetic structure of this compound.

V. CONCLUSIONS

A detailed magnetic study on Ho;Co was carried out based
on dc magnetization, specific heat, ac-susceptibility, and
neutron powder diffraction. The dc magnetization was also

performed under pressure up to ~1 GPa. The macroscopic
measurements show a continuous change in the magnetic
structure within 7; < T < Ty. Microscopic analysis of the
magnetic structure confirms this speculation. In fact, the
active irreps mSM4 and mGM4- under the magnetic super-
space group Pnm’a(«00)000 allow the presence of higher
harmonics (3k and 5k) for the modulation. This is the key
to explaining the continuous changes in the magnetic struc-
ture and properties of Ho3;Co with decreasing temperature.
The magnetic configuration within 7; < T < Ty consists of
fanlike (Ho) and cycloidal (Co) modulations. The magnetic
modulation strengthens as temperature decreases from Ty to
T:, where the higher harmonics emerge. The anharmonic na-
ture of the magnetic modulation is kept down to 3 K, and
is described by a square wave. The magnetic contribution
coming from the transition metal, Co, is quite significant
at low temperatures. Externally applied hydrostatic pressure
completely wipes out the transition at 7;. High-pressure fur-
ther strengthens the AFM interactions, profoundly affecting
the magnetism at low temperature. Moreover, noncanonical
glassy states, which probably originated from some geometric
frustration caused by complex magnetic structure together
with single-ion anisotropy, coexist at low temperature in this
compound with dominating long-range noncollinear antifer-
romagnetic order, irrespective of pressure.
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