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Helical magnetic ordering studied in single-crystalline GdBe,;
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The beryllide GdBe,; with the NaZn,3-type face-centered-cubic structure has been known to undergo a proper
helical-magnet ordering from experimental studies using polycrystalline samples. In the present study, we carried
out electrical resistivity, specific heat, and magnetization measurements of single-crystalline GdBe,3 in order to
investigate a mechanism of its helical ordering. These measurements reveal that the present compound is a
metallic system exhibiting the magnetic ordering of local Gd** moments at Ty = 24.8 K accompanied with
strong magnetic fluctuations extending to temperatures well above Ty. Furthermore, we constructed a magnetic
field—temperature (B—T') phase diagram for B || [001]. It consists of a multidomain state, which is composed
of magnetic structures with B applied parallel and perpendicular to the helical plane, in the lower-magnetic-
field region below ~0.45T and a possible single-domain conical one in the higher-field region in the ordering
state. The helical structure of GdBe;; characterized by an incommensurate ordering vector g, of (0, 0, 0.285)
is discussed on the basis of a competition of Heisenberg exchange interactions between the Gd** moments
assuming an one-dimensional layer crystal. The sequential change in the exchange interactions determined by
a mean-field (MF) calculation can be essentially understood by the Ruderman-Kittel-Kasuya-Yosida interaction
via anisotropic Fermi surfaces, whereas the orientation of the magnetic moments will be determined by the
dipole-dipole interaction. On the other hand, the MF theory predicts a much smaller critical field B, than the
experimentally obtained one. To discuss the deviation of B from the MF calculation, we show a possibility of a

fluctuation-induced first-order transition.
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I. INTRODUCTION

Helical magnets have been attracted much attention as a
possible host compound for the emergence of peculiar spin
textures, such as a magnetic skyrmion [1,2] and a chiral
soliton [3,4]. Previous observations of the skyrmions have
mostly been made in noncentrosymmetric systems with the
Dzyaloshinsky—Moriya (DM) interaction in d-electron sys-
tems [1]. Very recently, the formation of skyrmions has been
reported even for centrosymmetric systems with and with-
out geometrical frustrations in several Gd-based compounds
[5-7]. The role of the geometrical frustrations and the in-
version symmetry breaking in the formation of skyrmions is
still being discussed. To deepen understanding, the skyrmion
formation mechanism, further investigations of detailed crys-
tallographic, electronic, and magnetic properties in a typical
helical magnet would be essential.

It is known that the beryllides MBe 3 (M = rare earths
and actinides) also undergo the helical-magnetic ordering
formed by well-localized f magnetic moments, mainly in
heavy-rare-earth systems [8,9], although there is no report on
the formation of the skyrmion thus far. They crystallize in
the NaZn3-type face-centered-cubic (FCC) structure with the
space group Fm3c (No. 226, 02) [8,10], where the M ions
can be regarded as forming a simple cubic. Since the crystal
structure holds the inversion symmetry, the DM interaction
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is absent in the present system (however, there is no inver-
sion symmetry at the M ion site with the site symmetry O).
Because of these rather simple features, the MBe;s system
should be one of the most suitable materials to study the
fundamental mechanism of the helical-magnetic ordering.

In the present study, we focus our attention on GdBes,
which exhibits the helical-magnetic ordering at the highest
ordering temperature Ty of 26 K in the MBe;3 compounds
[8]. In principle, a trivalent Gd ion has no orbital angular
momentum L (4f7: S=7/2, L =0, and J = 7/2), so that
experimental studies on GdBe;; will provide fundamental
insights into the helical ordering in the MBe,3 systems except
for magnetocrystalline anisotropy associated with L. Here,
S, L, and J are the total-spin, total-orbital, and total-angular
momenta, respectively. Neutron diffraction measurements on
powder sample revealed that the helical structure of GdBe3 is
the proper one with an incommensurate propagation vector ¢,
of (0, 0, 0.285) [11]. From previous magnetization (M) mea-
surements using polycrystalline samples, a Curie—Weiss (CW)
temperature Ocw and a critical field of the helical ordering
B. were estimated to be 425K and 7 T, respectively [8,12].
However, B, is estimated to be about 1 T from the mean-field
(MF) calculation using the reported 7y and 6cw, which is
far from the experimentally obtained value. The cause of this
discrepancy remains unclear, but it might be attributed to some
effect that cannot be explained in the MF theory, such as mag-
netic fluctuations. In order to solve this problem and reveal
the detailed mechanism of the helical ordering for GdBe,3,
further experimental studies using single crystals, which have
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not been done so far except for our recent M measurement
using an as-grown single crystal [13], are needed.

The present paper reports the results of electrical resistivity
(p), specific heat (C), and M measurements for single crystals
of GdBe;3 in temperatures of down to 2 K in magnetic fields
of up to 7 T. The experimental results and a constructed
magnetic phase diagram are presented in Sec. III. In addition,
we discuss the mechanism of the helical-magnetic ordering in
GdBej3 in Sec. IV: model for the helical ordering in Sec. IV
A, MF calculation of the critical filed in Sec. IV B, possibility
of a fluctuation-induced first-order transition in Sec. IV C,
and magnetic anisotropy originating in dipole interactions in
Sec. IV D.

II. EXPERIMENT

Single crystals of GdBe;; were grown by the Al-flux
method. The constituent materials (Gd with 99.9% purity and
Be with 99.9% purity) and Al with 99.99% purity were placed
in an alumina crucible at an atomic ratio of 1:13:35 and sealed
in a quartz tube filled with Ar gas of ~150 mmHg. The sealed
tube was kept at 1050 °C for 3 days and then cooled at a rate
of 2°C/h. The Al flux was spun off in a centrifuge and then
removed by NaOH solution. The obtained single crystals were
annealed for 2 weeks at 700 °C. The typical size of the grown
sample is about 1 x 1 x 1 mm?.

The powder x-ray diffraction (XRD) measurement was
performed with a commercial powder x-ray diffractometer
(SmartLab, Rigaku) using Cu K«; and Ko, radiation in the
angle range of 10° < 26 < 120° at room temperature. The
as-grown samples of GdBe;; were ground into fine powder in
the ethyl alcohol. The obtained XRD pattern can be explained
by the NaZn,3-type cubic structure. We do not observe any
peaks associated with impurity phases in the experimental
accuracy, although the M measurements using the annealed
single crystals revealed the presence of a tiny amount of mag-
netic impurities, mainly on the sample surface, as described
in Appendix. A lattice constant of GdBe; was obtained to
be a = 10.2804(1) A, which is in good agreement with the
previously reported value of a = 10.273 A by Bucher et al.
[8] and a =10.280(2) A by Borsa and Olcese [14].

Electrical-resistivity p measurements were performed by
a conventional four-probe method in the temperature range
of 1.3-300 K with a hand-made *He refrigerator using two
single-crystalline samples assigned as 1 (as-grown) and 2
(annealed). The electrical current j was applied along the
cubic [001] direction. The specific-heat C measurements were
performed using sample 3 (annealed) by a thermal-relaxation
method in the magnetic-field range of 0—7 T and in the temper-
ature range of 2—-300 K with a Physical Property Measurement
System (PPMS, Quantum Design, Inc.). The DC magnetiza-
tion measurements were performed using sample 2 (annealed)
in the magnetic fields up to 7 T and in the temperature range
from 2 to 350 K by a Magnetic Property Measurement System
(MPMS, Quantum Design, Inc.). In both the M and C mea-
surements, the magnetic field B was applied along the [001]
direction. The samples of 1-3 were taken from the same sam-
ple batch, and sample surfaces of sample 2 were polished after
annealing to eliminate an influence of the magnetic impurities
as possible.
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FIG. 1. Temperature dependence of the electrical resistivity p(T")
of GdBe,; for the as-grown and annealed single-crystalline samples.
The inset shows the enlarged view below 40 K. The arrows indicate
the transition temperature 7y.

III. EXPERIMENTAL RESULTS

A. Electrical resistivity

Figure 1 shows the temperature dependence of the electri-
cal resistivity p(7T') of GdBe,3 for the as-grown sample 1 and
annealed sample 2. The sample 2 was polished on its surfaces
to remove the magnetic impurities. The p(7) measurements
reveal that the residual resistivity ratio (RRR) increases from
7.0 to 13.7, and the residual resistivity decreases from 6.2 to
2.4 u2 cm by the sample annealing. For the polished sample
2 after annealing, the p(7") curve exhibits simple metallic
behavior. On the other hand, for the unpolished sample 1, p
increases slightly below ~45 K, which may come from the
Kondo effect due to contamination of magnetic impurities.

The inset of Fig. 1 displays that enlarged view of p(T)
below 40 K. Both the p(T") curves show a kink anomaly due to
the helical ordering at 7y. The kink at Ty for the annealed sam-
ple is more distinct and the value of 7Ty (=24.8 K) becomes
higher than that for the as-grown sample (=23.3 K). Similar
annealing effect has also been observed in SmBe;3 [17]. On
the other hand, the obtained Ty for the annealed sample is
lower than that of ~26 K obtained from the previous M and C
measurements for polycrystalline samples [8,12].

B. Specific heat

Figure 2 shows the temperature dependence of the specific
heat divided by the temperature C(T')/T for the annealed
sample 3 of GdBe;;. In this figure, C(T)/T of LaBe,; is
also displayed as a reference for the phonon contribution in
GdBe3 [15]. The data of LaBe,3 obeys a Debye T law below
~10 K, where the Sommerfeld coefficient y and the Debye
temperature 6, have been estimated to be ~9.1 mJ K~2 mol !
and ~950 K, respectively [15]. In addition to the Debye
phonon, the MBe;3 systems have a low-energy Einstein-like
phonon mode with its characteristic temperature 6g of ~160 K
[15-17], which can be observed as a broad hump at around
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FIG. 2. Temperature dependence of C/T for GdBe,; (closed cir-
cles) and LaBe,; (open circles) [15] below 300 K at zero field.

40 K in C(T)/T. The C(T)/T curve of GdBe;3 also ex-
hibits a humplike structure near 40 K, suggesting that the
present compound also has the low-energy Einstein phonon
with 8g ~ 160 K. The value of C/T for GdBe,s is slightly
smaller than that for LaBe;3 above ~80 K, which may be due
to the difference in the Debye phonon contribution.

To estimate the magnetic contribution to the specific heat
Cnag of GdBejs, we subtract C(T) of LaBe;s from that
of GdBe;;. Figure 3 shows the temperature dependence of
Cmag/T at zero magnetic field. This curve exhibits a sharp
peak at Ty = 25.0 K, which is very close to that determined
in the present p measurements for the annealed sample. The
height and shape in Cr,e(T')/T at Ty appear to suggest a first-
order phase transition, as discussed in Sec. I'V. In addition, a
shoulder structure can be seen in Cpae(T)/T near 8 K. Such
a shoulder below a magnetic transition temperature has often
been observed in Gd** and Eu?* compounds with J = 7/2
[18-20]. It is known that the shoulder appears at ~7y/4,
which is attributed to splitting of the J = 7/2 multiplet due
to an internal field [21]. The shoulder for GdBe 3 would be
also understood by the same explanation.

Temperature dependence of magnetic entropy Smae, which
was obtained by integrating Cyae(T)/T with respect to T
from 2 K, is also displayed in Fig. 3. The obtained Spyae
saturates near the theoretical high-7 limit value of RIn8 =
17.3 Jmol~' K~! for J = 7/2 above ~70 K, indicating well-
localized 4f7 state of the Gd*>* ions. It is characteristic that
Siag starts to decrease from a temperature well above Ty with
decreasing temperature, and then it reaches 0.76RIn8 at Ty.
The relatively large reduction of Sy, from the full entropy
suggests the presence of strong fluctuations of the localized
magnetic moments in the wide temperature region above Ty.
Similar large reduction of Sy, (= 1/2RIn8) has also been
observed in a helical magnet EuPtSi with Eu** for J = 7/2,
where the first-order phase transition occurs at Ty [22].

The Cie(T)/T data below 40 K at several fields up to
7 T for B | [001] are shown in Fig. 4. Ty shifts to the
lower temperature side and the peak anomaly at 7y becomes
broader as B increases. At B =7 T, no anomaly is observed in
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FIG. 3. Temperature dependence of Cp,,e/T (left axis) and Spag
(right axis) in GdBe,; at zero magnetic field. The horizontal dashed
line represents the full entropy value of RIn8 for J = 7/2.

Cinag(T)/T down to 2 K except for a broad maximum around
10 K, suggesting that B, is between 6 and 7 T. The broad
maximum near 10 K can be explained by the splitting of the
J = 7/2 multiplet. The solid curve in this figure represents
the calculation result of the Schottky specific heat assuming
the splitting of the J = 7/2 octet, where we adopted the level
splitting between each state to be 25 K.

C. Magnetic susceptibility and magnetization curve

Figure 5 shows the temperature dependence of the inverse
magnetic susceptibility x ~'(T) [= B/M(T)] of GdBe;; at B
= 5T for the annealed sample 2. Although the measured sam-
ple was polished on its surface after annealing to remove the
impurity, the remained magnetic impurities of ~0.03%, which

GdBe,,
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. B/ [001]
&
X
2
~ 051
¥
@)
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FIG. 4. Temperature dependence of Cp,e/T for GdBe; at sev-
eral magnetic fields up to 7 T. The magnetic field is applied along
the [001] axis. The solid curve represents the calculation result of the
Schottky specific heat assuming the splitting of the J = 7/2 octet.
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FIG. 5. Temperature dependence of the inverse magnetic suscep-
tibility x ~!(T') [= B/M(T)] of GdBe,; for the annealed sample 2 at 8 : : :

B =5 T applied along [001]. The dashed line represents a CW fit in
the temperature range between 150 and 350 K.

should be a ferromagnet GdAl, with the Curie temperature
Tc of 175 K [23], is evidenced by a ferromagnetic anomaly
visible in x ~!(7') at a small field and a hysteretic behavior
in magnetization process near zero field (see Appendix). The
obtained x ~!(T) at 5 T reveals linear temperature dependence
in high temperature range, where the influence of the magnetic
impurities appears to be negligible. We performed a CW fit,
described by x ~'(T) = 3kg(T—0cw)/(Na g i), on the ob-
tained data between 150 and 350 K. Here, kg is the Boltzmann
constant, Ocw a CW temperature, N Avogadro’s number, up
the Bohr magneton, and uf the effective magnetic moment.
From this fit, Ocw and u.; were obtained to be +22.4(5) K
and 8.23(1) up/Gd, respectively. The p. value determined
is slightly larger than that expected in a free Gd>* ion and
that reported in the previous M measurements using poly-
crystalline samples [8], both of which are 7.94 ug/Gd. The
difference in p.s between the polycrystal and the single crys-
tal might be due to the presence of defects of the Gd ions in
the present single crystal. On the other hand, the positive Ocw,
whose absolute value is close to Ty, indicates the predominant
ferromagnetic (FM) interaction between the Gd** moments.
These features concerning fcyw are common in the rare-earth
based MBe3 compounds showing the helical ordering [8,17].

Figure 6(a) shows the temperature dependence of the mag-
netic susceptibility x(7)[= M(T)/B] for GdBe;3 at B =
0.1 T below 50 K. The open and closed symbols represent
the data upon zero-field-cooling (ZFC) and field-cooling (FC)
processes, respectively. A cusp anomaly can be observed at
Tn = 24.8 K in x(T'), which is in good agreement with that
obtained from the present p and C measurements. Below
Tx, a difference between the ZFC and FC processes can be
observed in x(7) at this magnetic field, suggesting a mag-
netic multidomain state in the ordering phase. In addition to
the cusp anomaly, the x(7) curve exhibits an inflection at
T* ~ 28 K. Here, T* was determined by the temperature at
which d x (T')/dT takes the minimum, as shown in the inset of
Fig. 6(a). Such an inflection just above Ty has been also found
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FIG. 6. (a) Temperature dependence of the magnetic susceptibil-
ity x(T)[= M(T)/B] for GdBe,3 below 50 K at B = 0.1 T applied
along [001]. The open and closed symbols represent the data upon
ZFC and FC processes, respectively. The inset shows dx /dT as a
function of T at 0.1 T. (b) Temperature dependence of the magneti-
zation M (T) at several fieldsup to 7 T for B || [001].

in helical magnets MnSi and EuPtSi, where development of
strongly interacting magnetic fluctuations below 7* has been
pointed out [24,25].

Figure 6(b) displays the temperature dependence of the
magnetization M (T') at several fields up to 7 T for B || [001].
The M(T) curves above 1 T exhibit a kink anomaly at 7y, not
the cusp anomaly, below where the data shows no difference
between the ZFC and FC processes. Here, Ty above 1 T
were determined by the temperature where d>M/dT? takes
the local minimum. These results suggest a change from the
magnetic multidomain state to a different one with a single-
domain structure between 0.1 and 1 T. The kink anomaly at
T\ decreases with increasing B, and it disappears in the data at
7 T. The field dependence of Ty obtained from the present M
measurements is in good agreement with that obtained from
the present C measurements.
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FIG. 7. (a) Magnetization process up to 7 T of GdBe,; at several
temperatures below 30 K. B was applied along the [001] direction.
The inset shows the data at 2 K in the field region below 1.5 T. The
closed and open symbols indicate the increasing- and decreasing-
field processes, respectively. (b) The respective derivative dM/dB
versus temperature upon the increasing-field process. In both the
figures, the open and closed arrows represent By, and B, respectively.

Figure 7(a) shows the magnetization process M(B) up to
7T of GdBe,3 for the annealed sample 2, measured at various
temperatures between 2 and 30 K. The magnetic field was
applied along the [001] direction. At the lowest temperature
of 2 K, M increases in the upper convexity with increasing
B, and then reaches the saturation value M of ~7.2 ug/Gd
above B, ~ 6.7 T, which is close to the Gd>* free ion moment
of 7 ug/Gd. Here, we determined B, by a peak of —d>M/dB>.
Note that the convex curve is not consistent with the helical
structure for which a linear dependence is expected. The value
of B, decreases with increasing temperature, and the satu-
rating behavior becomes indistinct. Above Ty, M increases
monotonously as B increases in whole the B region.

The M(B) curves for GdBe;; at 2 K upon increasing-
and decreasing-field processes in the low field region be-
low 1.5 T are shown in the inset of Fig. 7(a). One can
see a metamagnetic-like behavior at B, ~ 0.45 T on
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FIG. 8. Magnetic field-temperature (B-T) phase diagram of
GdBe; for B || [001], constructed from the M and C measurements
using the annealed single crystals. The dashed curve is guide to the
eye, while the solid curve indicates 5.6 x BS(T') obtained by the MF
calculation (see text).

the increasing-field process. Similar metamagnetic behav-
ior has also been found in an isostructural helical magnet
HoBe,3;, where the magnetic structure above the metamag-
netic field has been revealed to be a conical one [26]. The
metamagnetic-like transition in GdBe;s is also considered
to correspond to the transition from the magnetic multido-
main state to the conical one. On the other hand, the M(B)
curve upon the decreasing-field process shows almost linear-
field dependence. The difference between the increasing- and
decreasing-field processes can be interpreted as follows. Once
the possible conical structure with the single domain becomes
stable in the high-field region, the magnetic structure could
not turn back to the multidomain state, which would consist
of magnetic structures with B applied parallel and perpen-
dicular to the helical plane, even below By,. If the magnetic
structure below By, after applying high-magnetic fields is
a single-domain helical with its helical plane perpendicular
to B, which cannot be distinguished from the conical, the
linear-field dependence in M(B) for decreasing field can be
explained. Similar magnetization process has been also found
in MnSi when B is applied along the [111] direction, where
similar magnetic multidomain state has been discussed [27].
With increasing temperature, the By, anomaly becomes indis-
tinct and By, slightly shifts to the lower-field side; however,
the anomaly persists up to 23 K. Here, By, is determined by the
peak of dM/dB in each M (B) curve upon the increasing-field
process [see Fig. 7(b)]. It is commented that the present result
concerning By, is consistent with that reported for polycrys-
talline GdBe3 by Roy and Stewart, where the anomaly was
observed accompanied with hysteresis at By, ~ 0.3 T [28].

D. Magnetic phase diagram

The magnetic field-temperature (B-T') phase diagram of
GdBe;; for B || [001], constructed from the present C(T),
M(T), and M (B) measurements, is shown in Fig. 8. The ex-
perimentally obtained B.(T) corresponds to the result of the
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c/2

FIG. 9. Generic helical structure of GdBe;3. The Heisenberg ex-
change interactions Jy, J;, and J, are indicated in this figure. 0 is
the turn angle of the magnetic moment between adjacent layers. The
distance between adjacent layers corresponds to a half of the lattice
constant of the FCC lattice.

MF calculation multiplied by 5.6 (the blue solid curve), as
discussed in the next section. This magnetic phase diagram
consists of two regions in the ordering state: the multidomain
state composed of the magnetic structures with B applied
parallel and perpendicular to the helical plane below By, and
the possible single-domain conical state above By,. This rather
simple phase diagram of GdBe;; may originate from the
absence of the single-ion anisotropy of the Gd** ions. It is
known that other isostructural MBe;3 systems showing the
helical ordering have a B—T phase diagram consisting of more
than three regions in the ordered state [17,26]. For example,
Dervenagas et al. suggested that the appearance of the third
magnetic phase at higher fields in HoBe,3, which corresponds
to the canted-conical magnetic structure, is provided by the
single-ion anisotropy on the Ho>* ion [26].

IV. DISCUSSION

A. Model for the helical ordering

The helical ordering of the rare-earth based MBe;3; has
been explained by a competition between intralayer and
interlayer Heisenberg exchange interactions for an one-
dimensional layer crystal, as shown in Fig. 9 [11,29]. In this
model, Jy is the sum of all Heisenberg exchange interactions
of a representative spin to all other spins in the same spin layer
perpendicular to the helix axis, J; is the sum of all interactions
in an adjacent layer along the helix axis, and J, is the sum of
all interactions in a second-nearest layer. The total exchange
energy can be expressed as [30]

E(0) = —NJ*(Jy + 2J,c086 + 2J5c0526). (1)

Here, N is total number of spins, J is the total angular mo-
mentum, and 6 is the turn angle between magnetic moments
in adjacent planes. Furthermore, within the MF theory, T,
Ocw, and the turn angle in the ordered state 6, are related to
Jo, J1, and J, through [30]:

2J(J +1
Ty = %(Jo + 2J;c0860 + 2J>c0826p),  (2)
B
2J(J 4+ 1)

cw = ————(Jo +2J1 + 2/»), 3)

3kp

Ji

Op = ——. 4
cosb v 4

These three exchange constants Jy, J;, and J, can be obtained
by solving Egs. (2)-(4).

For GdBe;; with J = 7/2, we can get the exchange
interactions from the following experimental results: Ty =
248 K, Ocw = 22.4 K, and g, = 0.285¢* [11]. 6, is given
by 2mq, - ¢/2. Here, we define the ¢ axis as the helical axis of
the magnetic structure in a cubic crystal for convenience. The
obtained exchange interactions are

Jo=+4091K, Ji=+1.02K, J,=-041K.

Note that similar calculation has been performed in the previ-
ous report by Vigneron et al.,

Jo=4+136K, J =4085K, J,=-034K,

where they used Ty = 27 K and 6cw = 25 K for the polycrys-
talline sample [31]. These obtained parameters are essentially
consistent with the one-dimensional layer model mentioned
above, where FM layers (Jy > 0) stack along the direction of
q,, and a frustration between the FM layers (J/; > 0and J, <
0) is present.

The dominant exchange interaction in GdBe,3 is not direct
one but indirect one of the Ruderman-Kittel-Kasuya-Yosida
(RKKY) type, since the distance between Gd ions is greater
than 5 A. The RKKY interaction commonly plays a domi-
nant role for the magnetic ordering in a metallic system with
localized f electrons, where the intersite exchange coupling
between the f moments is mediated by itinerant conduction
electrons [32]. The RKKY-type exchange interaction Jrggy is
given by

JrRrkY X D(EF)JocF (2kgr), ©)

where D(EF) is the density of state at the Fermi energy, J¢ the
exchange interaction between the f moments and the conduc-
tion electron spin, kp the Fermi wave vector, » the distance
between interacting sites, and F(x) the RKKY oscillation
function (= [—xcos(x) + sin(x)] /x4). The RKKY interaction
is usually expected to cause a dumped oscillation of the ex-
change interactions against » with changing its sign due to
F (x). The sequential change in the exchange interactions of
GdBe)3 can be understood by the RKKY oscillation except
for Jy < J; determined in the present study. These results
suggest that the helical structure of GdBe;3 is based on the
delicate balance of the exchange interactions attributed to the
high symmetry of the Gd-ion lattice, although the experimen-
tal problems still remain, such as the difficulty of determining
Ocw and the difference in 7Ty and Ocw between the polycrystal
and the single crystal. More precise M measurements on sin-
gle crystals with higher quality are required in order to discuss
the values of the exchange interactions more strictly.

In addition, a direction of g, should also originate from
the RKKY interaction. Though the RKKY interaction is orig-
inally assumed to be isotropic with a spherical Fermi surface
(FS), an actual band structure is usually more complicated
in a material. The band calculation for LaBe;; without 4f
electrons revealed the presence of relatively large FSs along
the [001] direction (at X point) and the [111] direction (at
L point) but absent along the [110] direction (at K point)
[33,34]. It is considered that the band structure for GdBe,3 is
similar to that for LaBe,3, because the 4 f electrons of GdBe3
are well localized. Thus the FS being present at the X point

174408-6



HELICAL MAGNETIC ORDERING STUDIED IN ...

PHYSICAL REVIEW B 102, 174408 (2020)

would determine the direction of g, for the helical ordering in
GdB613.

B. Mean-field calculation of the critical filed

Next, we estimate the critical field B. of GdBe;3 on the
basis of the MF theory, when magnetic field is applied per-
pendicular to the zero-field ordered moments. The following
MF calculation is expected to be applicable in general antifer-
romagnets with identical crystallographically equivalent spins
interacting by Heisenberg exchange; in other word, we do not
assume the one-dimensional layer model in this section. The
MF prediction for B, at absolute zero is given by [30]

3kg
grus(J + 1)

On the other hand, the magnitude of thermal average of J is
given by [(J)| = Jo. Here, o is given by numerically solving
the following self-consistency equation:

o= BJ|:3—J50:| 7)

where Bj(x) is the Brillouin function. The product of Bgal(T
= 0) and o (T) provides the temperature variation of the crit-
ical field Bgal(T). Using Ty = 24.8 K and Ocw = +22.4 K
obtained from the M(T) measurements, Bgal(T = 0) is es-
timated to be ~1.19 T, which is approximately 1/5.6 of
the experimentally obtained B, of 6.7 T at T = 2 K. On
the other hand, the Bgal(T) curve can be reproduced well the
experimental one by multiplied by 5.6, as displayed in Fig. 8.
The deviation of B, from the MF calculation has been already
pointed out in the previous measurements using polycrystals
[11,12]. Note that similar MF calculation for B.(T) has been
succeeded in explaining quantitatively the experimental data
in a helical-magnet EuCo,_,As, with Eu?t ions [35]. Since
the quantitative difference between experimentally obtained
B, and the calculated Bgal cannot be explained by the un-
certainty in the measured quantity of 7y and 6cw, it will be
necessary to consider some additional effect beyond the MF
theory.

BT =0) = (Tx — Ocw). (6)

C. Possibility of fluctuation-induced first-order transition

One possible explanation for the discrepancy between B,
and B! is suppression of Ty due to a fluctuation-induced
first-order transition (FIFOT). In general, the helical-magnetic
transition is expected to be of a second order on the MF
theory, while it has been predicted theoretically that interac-
tions between the helical-magnetic fluctuations give rise to
important corrections driving the first-order phase transition.
The emergence of such a FIFOT has been experimentally
reported in several helical magnets, such as MnSi and Eu-
PtSi [22,24,25,36]. Bak et al. proposed an antiferromagnetic
(AFM) system described by a number of components of order
parameter n > 4 as a possible material showing the FIFOT
[37]. Furthermore, theoretical calculation by the Monte Carlo
technique has predicted that the actual transition temperature
is suppressed much below the MF transition temperature by
the FIFOT [38]. GdBe;s is a strong candidate for exhibiting
the FIFOT, since the number of n is counted to be 12 by the

GdBe,,

20t Single Crystal i i
. B=0T :
e |
: %.
E
\é’ 10F 1 i
S

0o 10 20 30 40
T(K)

FIG. 10. Magnetic contribution to the specific heat Cpye as a
function of temperature for GdBe,; at B = 0 T. The red line repre-
sents the data obtained from the MF calculation based on the results
in the present x (7') measurements.

product of the star of g, consisting of the six vectors and two
independent direction of the magnetization for each ¢g,.

One of the experimental evidence for the FIFOT in GdBe 3
would be the sharp peak at Ty in Cyag(T'). Figure 10 shows the
experimentally obtained Cpag(T') curve of GdBe;3 with Ty =
25.0 K at B =0 T and the MF calculation result based on
Ty = 24.8 K and Ocw = 22.4 K obtained from the present
x(T) data. The larger maximum value and the sharper peak
at Ty in the experimental data suggest the first-order phase
transition, although we can observe no thermal hysteresis in
Crnag(T) in the experimental accuracy. Note that the first-order
nature of Cp,g is more pronounced in the measurement using
a polycrystalline sample, where the maximum value reaches
about 30 J mol~' K~! [12]. In addition, the inflection at T*
in the x(T) curve implies development of the interaction
between the magnetic fluctuations below 7*, as observed in
MnSi and EuPtSi [24,25]. If Ty of GdBe,s is not suppressed
by the strongly interacting fluctuations, the experimentally
obtained B, might correspond to Bg“l.

D. Magnetic anisotropy originating in dipole interactions

Finally, we discuss how the orientation of the magnetic
moments is determined in the ordered state of GdBes.
Though the largest contribution to the magnetic anisotropy
usually comes from single-ion magnetic anisotropy in rare-
earth based systems, Gd*>* ion should be hardly influenced
by the single-ion anisotropy attributed to L. Instead, it is
known that the dipole-dipole interaction plays an important
role in the magnetic anisotropy of Gd compounds. In many
Gd**-based AFM compounds, the orientation of the magnetic
moments can be explained by a straightforward numerical
method considering the dipole interaction, when ¢, is known
[39]. To predict the orientation of the magnetic moments of
GdBe)3, we performed similar numerical calculation based
on the dipole-dipole interaction between Gd ions. Here, we
assumed a simple cubic lattice consisting of the Gd ions as a
primitive cell, where its lattice constant and g, = (0, 0, 0.285)
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FIG. 11. Convergence behavior of the eigenvalues of the Fourier
transform of the dipole interaction tensor J,z(q,) in GdBe;; with
respect to number of neighbor ions. The definition of Jy,s(q,) is
referred to Ref. [39].

become half of the original ones. A detailed description of the
analytical method is given in Ref. [40].

The obtained convergence of the eigenvalues of the Fourier
transform of the dipole interaction tensor J,(g,) with respect
to the number of neighbor ions at absolute zero is shown
in Fig. 11. Note that our definition of sign of the eigenval-
ues is opposite to that in Ref. [39]. The larger and smaller
eigenvalues correspond to states that the magnetic moments
point to the [001] direction and the [100] or [010] direction,
respectively. These results reveal that the magnetic moments
prefer to point to the direction perpendicular to g,. They also
indicate that there is no magnetic anisotropy in the (001)
plane, which is favorable to a proper helical structure. Thus
the present numerical calculation based on the dipole interac-
tion can reproduce the orientation of the magnetic moments in
the helical state for GdBe5. In addition, one can estimate an
ordering temperature originating from the dipole interaction
T8 Tt is given by [40]

TP = AJ(J 4+ 1)/3. (8)

Here, A is the difference between the eigenvalues, which is
a measure of the dipolar anisotropy. For A ~0.24 K in
GdBe3, T™" is estimated to be ~1.26 K, which is much
lower than Ty of 24.8 K obtained experimentally. This result
means that the dipole interaction not a driving force of the he-
lical ordering for GdBe 3. On the other hand, a critical‘ﬁeld of
the ordering originating from the dipole interaction BS?* can
be estimated to be ~0.27 T from kg TI\?lpOle /g;J . This value

of BIP ig comparable to the experimentally obtained By,.
The magnetic anisotropy coming from the dipole interaction
may play a key role in the change of the magnetic structure
from the magnetic multidomain state to the single-domain
conical one for GdBe;3.

V. SUMMARY

We have succeeded in growing single crystals of an in-
commensurate helical magnet GdBe 3 by the Al-flux method
and performed p, C and M measurements at magnetic fields
up to 7 T for B || [001] using the grown single crystals.
The p measurements indicate normal metallic behavior with
a kink anomaly in p(T) at Ty = 24.8 K. From the C and M
measurements, we obtained the following features concerning
the helical ordering for GdBe,3: (i) 4 f7 electrons of Gd** jons
are well localized, (ii) the obtained Ocw of +22.5 K is positive
and close to Ty, (iii) strong magnetic fluctuation persists up
to temperatures far above Ty, and (iv) a critical filed of the
ordering state B, is ~6.7 T. These are essentially consistent
with those reported in the previous C and M measurements
using polycrystalline samples [8,11,12]. In addition to them,
we constructed a B-T phase diagram for B || [001], which
indicates that a possible conical phase is present above By, ~
0.45 T in the ordering state.

We also discussed the incommensurate helical struc-
ture with g, = (0, 0, 0.285) in GdBe;3 by a competition
of the Heisenberg exchange interactions assuming an one-
dimensional layer crystal, which has been proposed in the
previous reports [11,29]. It is argued that the exchange inter-
actions obtained from the MF calculation and the direction of
q, derive from the RKKY interaction via anisotropic Fermi
surfaces. Furthermore, numerical calculation considering the
dipole-dipole interaction reveals that the orientation of the
magnetic moments can be explained by only the dipole in-
teraction between the Gd** moments. These revealed features
would provide useful insights not only into the common mag-
netism in the MBe3 systems, but also into the fundamental
magnetism in other helical magnets. On the other hand, the
problem that B, predicted by the MF calculation is much
smaller than the experimental value is still unsolved. As one
possible answer, we proposed the possibility that a FIFOT
takes place at 7y, and it plays a key role in the difference
in B.. To deepen our understanding of the magnetic property
in the present system, further studies, such as investigation
of the magnetic anisotropy and detailed annealing effects, are
needed and now in progress.
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FIG. 12. Temperature dependence of the inverse magnetic sus-
ceptibility x ~'(T) at B = 0.1, 1, 5, and 7 T in GdBe; for the
annealed sample 2. B is applied along the [001] direction. The closed
arrow located at 175 K indicates 7c of GdAl,. The inset shows
Minpuity vs magnetic field near zero field at 50 K. Miypuriy Was
obtained by subtracting the paramagnetic component from M of the
measured sample.

conduct the analysis of GdBe ;3 using SmartLab and providing
insight and expertise that greatly assisted the research.

APPENDIX: CONTAINED MAGNETIC IMPURITY

The single crystals of GdBe,3 grown by the Al-flux method
in the present study contain the magnetic impurity, which
should be a ferromagnet GdAl, with T¢ of 175 K [23]. The
x~N(T) curves at 0.1 and 1 T show a bend at around T
of GdAl,, as can be seen in Fig. 12. The bend in x~'(T)
at the low fields is more distinct for an unpolished sample
after annealing (not shown). On the other hand, the data
above 5 T show a linear temperature dependence, where the
influence of the magnetic impurity becomes negligibly small.
In addition, the amount of the FM impurity was estimated
from a hysteretic behavior in the M(B) curve below Tc of
GdAl,. The inset of Fig. 12 shows the magnetization coming
from the FM impurity (= Mimpuiy) as a function of B at
50 K, which was obtained by subtracting a linear component
corresponding to a paramagnetic state from the measured M.
This plot reveals that the saturation value M of this M(B)
curve is ~5 x 107> emu. When we assume that all the M,
comes from the ordered moments of 7 ug/Gd in GdAl,, the
amount of the FM impurity can be estimated to be ~0.03% of
the total sample.
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