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Coupling between magnetic and thermodynamic properties in RRh2Si2 (R = Dy, Ho)
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Single crystals of DyRh2Si2 and HoRh2Si2 were investigated by thermal expansion and magnetostriction.
The different types of magnetic order can clearly be seen in these measurements, particularly the canting of
the moments away from the crystallographic c direction below about 12 K and the spin flip for magnetic field
applied along the c direction. For HoRh2Si2, an additional transition just below TN is analyzed by means of
the Grüneisen ratio and is likely caused by a change in the magnetic structure. Our results nicely corroborate
findings from other magnetic and thermodynamic measurements on these materials and provide further evidence
suggesting the formation of magnetic domains.

DOI: 10.1103/PhysRevB.109.134408

I. INTRODUCTION

Materials crystallizing in the ThCr2Si2-type structure
(space group I4/mmm) exhibit a variety of interesting physi-
cal phenomena [1], including superconductivity [2–4]. More
specifically, the discovery of superconductivity in some rare-
earth compounds of this family [5–9] provided enormous
insight into, and propelled, the field of heavy-fermion physics
and beyond [8,10,11]. In particular, these compounds gave
some valuable insight concerning the pivotal impact of mag-
netism on unconventional superconductivity and quantum
criticality [12]. In consequence, it is vital to deepen our under-
standing of the variety of magnetic properties and phenomena
of these materials [13].

Even within the rare-earth 122 series the magnetic prop-
erties vary widely. Ce- and Yb-based materials often exhibit
noninteger valencies of the rare-earth (R) element and are dis-
cussed in terms of Ruderman-Kittel-Kasuya-Yosida (RKKY)
interaction [14–16] mediated via a polarization of the conduc-
tion electrons. This interaction can compete with the Kondo
effect, an on-site screening of the 4 f moments by the con-
duction electrons [3]. For stable, trivalent R elements like
Nd, Gd, Tb, Ho, and Er, the RKKY interaction results in
local moment antiferromagnetic (AFM) order, often with a
simple propagation vector of Q = (001) and ferromagnetic
ordering within the plane perpendicular to (001) [17–24]. In
many compounds the local moments align along the crystal-
lographic c direction, while for SmRh2Si2, GdRh2Si2, and
GdIr2Si2 an orientation in the ab plane is reported [23–25],
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which, in the case of GdRh2Si2, can even be temperature
dependent [26]. Here, it should be noted that in R-based
compounds the spin-orbit coupling is generally larger than
the crystal field effects [27]. In addition, anisotropic exchange
was discussed for TbRh2Si2 [28]. It should also be noted
that d electrons of the transition elements (e.g., Rh, Ru) con-
tribute very little to the total magnetic moment; the value of
∼0.002μB for Rh in DyRh2Si2 is too small to be detected in
neutron diffraction [17,19]. In the case of R = Gd, there can
also be a small contribution from Gd 5d electrons, ∼0.28μB

in GdRh2Si2 [29].
Exceptions to the above-mentioned magnetic configuration

are DyRh2Si2 and HoRh2Si2, in which the magnetic moments
were found to be canted away from the crystallographic c
axis by neutron diffraction [17,19]. For both compounds, the
magnetic properties and specific heat measurements were an-
alyzed in terms of a mean-field model [30–33]. Yet based
on magnetic susceptibility and specific heat measurements, a
so-called component-separated magnetic transition, stemming
from multiple interactions, was suggested for HoRh2Si2 [34],
in analogy to the tetragonal compound TbCoGa5 [35]. To gain
further insight, measurements of thermodynamic properties
are called for, in particular those that provide information
along different crystallographic directions of the sample.
Therefore, we conducted measurements of thermal expan-
sion and magnetostriction on single-crystalline DyRh2Si2 and
HoRh2Si2. To allow for comparison to data from the litera-
ture, magnetic susceptibility was also measured on the same
samples.

II. EXPERIMENT

The single crystals of DyRh2Si2 and HoRh2Si2 used in
this study were grown from In flux employing a modified
Bridgman technique; details of the growth procedure were
provided in Ref. [36]. X-ray diffraction on powdered single
crystals was conducted (using copper Kα radiation in a Bruker
D8 diffractometer) to confirm the crystallographic structure
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and quality of the samples. The crystallographic orientation
of the single crystals was determined by Laue diffraction.
The samples typically grew in a plateletlike shape with the
crystallographic c direction (the long axis of the tetragonal
unit cell) along the thin sample dimension. In most cases, the
other sample edges were parallel to the 〈110〉 crystallographic
directions.

The thermal expansion and magnetostriction measure-
ments were performed using a dilatometer cell as described
in Refs. [37,38]. Our cell is equipped with a calibrated Cer-
nox thermometer close to the sample [37], and hence, the
accuracy of all respective temperatures is better than 0.1 K.
The measurements were conducted in a physical property
measurement system (PPMS) by Quantum Design with a
maximum magnetic field of 9 T applied parallel to the sample
dilatation direction investigated. Here, special attention was
paid to minimizing electrical noise [38]. Whenever possible,
identical samples were used for measurements along different
crystallographic directions. However, in some cases samples
were chosen according to their specific shape in order to opti-
mize the dilatometer signal for the crystallographic direction
to be measured and to assist sample mounting. Typical sample
dimensions were 1–2 mm in the ab plane and up to 0.6 mm
along the c direction. Data for the thermal expansion were
taken upon warming the sample (if not stated otherwise) and
repeated at least once for comparison. Between cycles of mag-
netostriction measurements (i.e., measurements at constant
temperature) the sample was warmed up to at least 80 K, i.e.,
into the paramagnetic state well above the Néel temperatures
TN ≈ 55 K for DyRh2Si2 and TN ≈ 29 K for HoRh2Si2. We
note that different samples gave somewhat different results for
the thermal expansion and magnetostriction, particularly in
the temperature range around T1 and for small magnetic fields,
respectively, as discussed below. The observed temperatures
and magnetic fields of the transitions, however, reproduced
very well.

Measurements of the magnetic dc susceptibilities were
conducted in a magnetic property measurement system
(MPMS3 by Quantum Design) using the same samples as for
the thermal expansion and magnetostriction measurements.
For these measurements, a magnetic field of 25 Oe (corrected
for the remnant field of the superconducting magnet as de-
termined by a Pd reference) was applied. The temperature
accuracy is given by the lower of ±1% or ±0.5 K [39]. The
PPMS, equipped with a calorimeter that utilizes a quasia-
diabatic thermal relaxation technique, was also used for
measurements of the heat capacitance. For the investigation of
possible first-order transitions, we used a single-slope analysis
of the measured heat pulses, as described in Ref. [40].

III. RESULTS

A. HoRh2Si2

The results of dc susceptibility χ measurements for
HoRh2Si2 along different crystallographic directions are pre-
sented in Fig. 1(a). The Néel temperature of TN = 29.0 ±
0.3 K is clearly observed when measured along the (001)
direction. Additional small humps can be recognized upon
zoom into the low-temperature data [red data in Fig. 1(b)] at
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FIG. 1. (a) dc susceptibility χ measured for HoRh2Si2 along
three different crystallographic directions in a field of 25 Oe. Data
for (100) (blue) and (110) (black) are very similar. The inset shows
the inverse of the susceptibilities. The dashed lines represent extrap-
olations of the linear fits to 1/χ . (b) Zoom of the low-T data of χ (T )
for the (001) direction (red). The right scale visualizes dχ (T )/dT
(blue, in units of emu Oe−1 mol−1 K−1) within 20 � T � 35 K along
the (100) direction. Arrows mark the small hump at T1 = 11.7 K and
features at T2 = 27.3 K and TN = 29.0 K. Note the uniform color
code for the different directions in all plots.

T2 = 27.3 ± 0.3 K and T1 = 11.7 ± 0.2 K [the latter can also
be seen in the 1/χ plot; inset of Fig. 1(a)]. Along the (100)
and (110) directions, χ (T ) peaks sharply at 11.9 K, i.e., at
the temperature of the small hump in χ (T ) along (001), while
small kinks are seen at TN. Only upon taking the derivatives
dχ (T )/dT do these small kinks separate into two features
at ∼27.3 and ∼29.0 K, as shown for the (100) direction in
Fig. 1(b) (blue data and right scale). All χ (T ) data nicely
follow a Curie-Weiss law in the paramagnetic regime, as is
obvious from plots of 1/χ in the inset of Fig. 1(a) [41]. The
fits yield effective moments of μeff ≈ (10.9 ± 0.2)μB, which
is slightly larger than the expected value of 10.61μB for Ho3+

(where μB is the Bohr magneton). This may be attributed to
the small magnetic field applied during the susceptibility mea-
surements and the resulting impact of the remnant field. The
obtained Weiss temperatures are θc ∼ 16 ± 0.4 K along the
c direction, indicative of dominating ferromagnetic interac-
tions, and θab ∼ −11 ± 0.3 K within the ab plane (dominating
antiferromagnetic interactions). All results are in good agree-
ment with reported ones [17,34,36,42–45] and confirm the
magnetic properties as outlined in the Introduction. The obser-
vation of two transitions near TN along all measured directions
indicates high sample quality and is likely related to changes
in the magnetic structure (see Sec. IV).

The magnetic field H dependence of magnetization M
measured at T = 2 K and with H applied along different
crystallographic directions is presented in Fig. 2. Even for
�H ‖ (001), the expected saturation magnetic moment of Ho3+,

gμBJ = 10 μB, is not observed for μ0H � 9 T. However,
the two-step magnetization increase of about 4μB per step

134408-2



COUPLING BETWEEN MAGNETIC AND THERMODYNAMIC … PHYSICAL REVIEW B 109, 134408 (2024)

0 2 4 6 8
0

2

4

6

8

H || 110

M
(µ
B
/H
o)

µ0H (T)

H || 100

H || 001

T = 2 K
HoRh2Si2

H || 100

10 K

0 2 4 8

0

2

4

6

µ0H (T)

M
(µ
B
/H
o)

T = 50 K

2 K

FIG. 2. Field dependence of magnetization M measured at 2 K
and for magnetic fields H applied along different directions (as
indicated). The red arrows sketch the evolution of the Ho moment
arrangement for �H ‖ (001) along the c direction and for two mag-
netic domains. The inset shows the temperature evolution of M(H )
for �H ‖ (100) at T = 2, 10, 15, 26, 28, and 50 K.

agrees well with the reported canting of the magnetic mo-
ments away from the crystallographic c direction by ∼28◦ at
T = 4.2 K [17]. The two-step magnetization increase itself is
a consequence of the propagation vector �k = (0, 0, 1) and a
change in magnetic configuration with increasing H from an
AFM + − +− state at μ0H � 1.8 T to + + +− and, finally,
a tilted, field-polarized + + ++ state beyond 5 T [17,44].

The tetragonal ThCr2Si2 structure can give rise to the for-
mation of magnetic domains [46,47]. In addition, the canting
of the magnetic moments away from the c direction allows
for so-called orientation domains within which the ab com-
ponent of the magnetization is oriented differently [47]. For
�H ‖ (100), this basal plane component of the moments within

the differently oriented magnetic domains is initially rotated
toward the field direction and then flips to the (100) direction
parallel to �H near 2.8 T. This is suggested by the magne-
tization value of approximately 4.9μB at fields just beyond
the flip which is only slightly larger than the expected value
for a canting angle of 28◦. At T = 10 K, this canting angle
is markedly smaller, and hence, a considerably smaller mag-
netization value is observed beyond the flip (see the inset of
Fig. 2). For T > T1, i.e., without canting, such a flip of the
magnetization is neither expected nor observed. The magne-
tization behavior for �H ‖ (110) is qualitatively very similar
to the observations for �H ‖ (100); the smaller magnetization
values for large fields, however, indicate the (110) direction
is magnetically harder than the (100) direction. We note that
our M(H ) curve for (001) is very similar to the one reported
in [44], although there are quantitative differences for (110)
and a qualitatively different behavior for (100).

Large magnetostriction is commonly observed in rare-
earth-containing compounds due to their orbital magnetism.
Within a quadrupole approximation, the 4 f electron densities
of Ho3+ and Dy3+ retain an oblate shape [27]. In Fig. 3,
the magnetostriction �L(H )/L0 [where L0(T ) = L(T, H =
0)] and its coefficient λ = (1/L0) ∂L/∂H at T = 1.8 K are
presented for �H ‖ (100). These data are in excellent agreement
with the M(H ) data in Fig. 2. We observe a large increase of
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FIG. 3. Magnetostriction �L(H )/L0 of HoRh2Si2 measured at
T = 1.8 K with magnetic fields applied along the (100) crystallo-
graphic direction while sweeping the field up (red) and down (blue).
Inset: Magnetostriction coefficient λ = (1/L0 ) ∂L/∂H .

L(H ) upon rotation of the in-plane component of magnetiza-
tion, while the flip at μ0H ≈ 2.8 T results in a sudden drop
in L(H ). As expected from this scenario, the length change
for fields above 3 T is very small. The discrepancy between
the magnetostriction measured during up sweep (red lines in
Fig. 3) and down sweep (blue) is in line with a scenario involv-
ing different magnetic domains in this tetragonal material.

Figure 4 exhibits the relative length changes �Li(T )/Li

and the uniaxial thermal expansion coefficients αi =
(1/Li )(dLi/dT ) for HoRh2Si2. Here, the index i denotes
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measurements along the different crystallographic directions
(100), (110), and (001). Clearly, strong maxima in αi(T )
are observed at T1 = 11.8 K for all directions, a temperature
which agrees well with the feature observed in χ (T ). Addi-
tional peaks are observed for all directions upon approaching
TN. Importantly, equal-area constructions for �Li(T )/Li yield
temperatures of the jumps of 27.6 K for the (100) and (110)
directions and 27.5 K for (001), i.e., very close to T2. In
contrast, only tiny variations of α(T ) are present at TN [see
the respective arrow in Fig. 4(b)]. We note that magnetization
measurements along (001) showed only a small cusp at T2 =
27.3 K [44], while the magnetic specific heat peaked dramat-
ically at this temperature (see discussion below and [34]), the
latter very similar to our thermal expansion results. Clearly,
our thermal expansion measurements are less sensitive to the
onset of magnetic order at TN and point to a mechanism
operating at T2 which is different from the antiferromagnetic
ordering at TN. Moreover, at T2 the �Li(T )/Li jump occurs
in opposite directions: �L100(T )/L100 and �L110(T )/L110

expand by about 0.45 × 10−6 (obtained from equal-area con-
structions around the jumps), but HoRh2Si2 contracts along
c by �L001(T )/L001 ≈ −2.1 × 10−6, and hence, the volume
shrinks upon warming the sample through T2. This anisotropic
thermal expansion is in line with the reported increase of the
c/a ratio upon cooling from room temperature to 4.2 K [17].
There is, however, no indication for any discontinuous change
in the lattice constants as, e.g., observed for some ThCr2Si2-
type phosphides [48].

We note that our repeated measurements of thermal expan-
sion (also on different samples) all agree qualitatively but vary
quantitatively for the (001) direction, particularly within the
range T1 � T < T2. We speculate that domain formation may
play a role in generating such quantitative differences. This is
supported by the fact that the transition temperatures T1 and
T2 themselves agree nicely for all measurements conducted.

Given this unusual behavior of the thermal expansion,
we performed measurements of the specific heat Cp(T ) on
HoRh2Si2. Figure 5(a) presents the Cp(T ) data up to T =
70 K, although measurements were conducted within 3 �
T � 200 K. As the main result and in support of our ther-
mal expansion measurements, the largest peaks in Cp(T )
of HoRh2Si2 are observed at T = 11.6 K ≈ T1 and T =
27.2 K ≈ T2, while only a much less pronounced shoulder is
seen at TN [50]. At the lowest T , a Sommerfeld coefficient
of γ ≈ 10.5 ± 4 mJ mol−1 K−2 is estimated from Fig. 5(b),
a value close to the one (9.6 mJ mol−1 K−2) obtained for
trivalent Eu in isostructural EuCo2Si2 [51]. A temperature
dependence of Cp ∝ T 3 is consistent with spin-wave exci-
tations in an antiferromagnet [52]. Nuclear contributions of
Ho (with nuclear spin I = 7/2) to Cp(T ) are expected to be
negligibly small at the temperatures of interest here [53,54],
while phonon contributions add only minimally to the T 3

dependence of Cp. In order to evaluate the magnetic con-
tribution Cmag to the total specific heat of HoRh2Si2, the
isostructural compound LuRh2Si2 was taken as a nonmag-
netic reference [49]. However, the mass per formula unit
of LuRh2Si2 exceeds that of HoRh2Si2 by approximately
2.4%. Hence, for a more accurate estimate of the phonon
contribution in HoRh2Si2, Cp(T ) of LuRh2Si2 was rescaled
to account for its heavier atomic mass, as outlined in [54,55].
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FIG. 5. (a) Temperature dependence of the specific heat Cp(T ) of
HoRh2Si2 and the nonmagnetic reference compound LuRh2Si2 [49].
The magnetic contribution Cmag (red line) to Cp(T ) of HoRh2Si2 is
obtained as described in the text. Inset: Magnetic entropy Smag as
calculated from Cmag. (b) Cp(T )/T vs T 2 at the lowest temperatures
along with a linear fit. (c) High-resolution Cp(T ) measurement near
T2 (see text). Inset: Arrest of the measurement platform temperature
TP at the sample’s first-order transition at T2.

The so-determined Cmag of HoRh2Si2 is shown by the red
line in Fig. 5(a), and an estimate of the resulting magnetic
entropy Smag(T ) = ∫ T

0 [Cmag(T ′)/T ′]dT ′ is presented in the
inset. Note that even at the highest T � TN the magnetic
entropy reaches only about 88% of the expected value of
R ln 17 for Ho3+, an observation which complicates an as-
sessment of the associated multiplet states. Nonetheless, one
may speculate from Smag(T1) � R ln 4 that two doublets or
one doublet and two singlets are involved below T1. In fact,
if we use the crystalline electric field (CEF) parameters as
provided in [45], we find a quasiquartet ground state made
up of one doublet and two singlets within an energy range of
less than 0.5 K. We note that Ho3+ is a non-Kramers ion with
four doublets and nine singlets in tetragonal symmetry [56];
a nonmagnetic singlet ground state is not evident. From the
nice T 3 dependence of Cp(T ) gapless antiferromagnetic spin
waves are expected; hence, the proposed quasiquartet ground
state can be rationalized. Further, few of the singlets may
reside high up in energy, which may explain the fact that
the observed magnetization at 9 T is distinctly smaller than
the expected saturation magnetization (see discussion above
and Fig. 2) as well as the “missing” entropy Smag < R ln 17.
We note that also in the case of HoIr2Si2 a saturation value
of Smag ∼ R ln 12 was reported [57], suggesting a common
origin for finding a reduced Smag at high temperatures in both
compounds.
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Having both αi(T ) and Cp(T ) at hand, the Grüneisen ratio
can be evaluated. For a single, dominating contribution to the
entropy S with characteristic energy scale Tj , the Grüneisen
ratio 	 j is expected to be independent of temperature [58–60].
Experimentally, this can be verified by analyzing the ratio
αi/Cp [61]. In our case, we focus on the magnetic contribu-
tions to αi and Cp. In order to estimate the phonon contribution
to αi we make use of this contribution to Cp as described above
and scale it to αi(T = 70 K). After subtraction, the resulting
magnetic part α110

mag is presented for the direction (110) in the
inset of Fig. 4(b) along with Cmag [from Fig. 5(a)] within 20
� T � 38 K for direct comparison. Clearly, the two quantities
scale reasonably well, with α110

mag/Cmag ∼ 1.6 × 10−8 mol J−1.
Similarly good agreement is found for the (100) direction,
with α100

mag/Cmag ∼ 1.2 × 10−8 mol J−1, while for (001) the
agreement is not quite as nice. All this may indicate a common
magnetic origin of the transitions at TN and T2. The transition
at T1 appears to be separate because of the much larger values
of αi

mag(T1) compared to αi
mag(T2), while the opposite holds

for Cmag. Because of the extremely sharp peaks of Cp and αi at
T2 we find the population (or depopulation) of CEF levels as
the cause of this transition to be unlikely. Rather, we speculate
that a change in the magnetic structure takes place at T2. The
above-described simple AFM structure with �k = (0, 0, 1) was
established for T � 27 ± 1 K [17]. This leaves the possibil-
ity of a different magnetic structure within T2 � T � TN. In
fact, Ho itself displays several magnetic structures, including
a helical one [62]. An incommensurate magnetic structure
for T2 � T � TN was suggested in [34] without showing the
data. In addition, a change from an incommensurate ordering
vector just below TN to a commensurate one at lower T was
reported for HoMn2O5 [63] and HoSbTe [64]; a similar se-
quence was observed for HoNi2B2C [65]. Therefore, a change
in the magnetic structure at T2 is certainly possible but awaits
confirmation, e.g., by neutron scattering.

Beyond that, one may consider the impact of the mag-
netoelastic coupling on the structure of HoRh2Si2. For
instance, in some tetragonal rare-earth nickel borocarbides a
magnetostriction-induced orthorhombic lattice distortion was
observed [66–68]. Here, the lattice distortion (expressed as
the relative difference of the orthorhombic lattice parame-
ters a and b) was reported to be proportional to the squared
ordered magnetic moment around TN [67]. In the case of
HoRh2Si2, one may then speculate that the increase of the
ordered magnetic moment upon cooling through TN may also,
via magnetoelastic coupling, induce a structural phase transi-
tion at T2. Indeed, detailed measurements of Cp(T ) according
to the recipe outlined in Ref. [40] exhibit a very sharp peak
at T2 [Fig. 5(c)]. In addition, the measurement platform tem-
perature TP stopped close to T2 due to the sample’s latent
heat [40] [inset to Fig. 5(c)]. Both observations clearly indi-
cate a first-order transition taking place at T2, supporting the
aforementioned scenario. However, high-resolution structural
investigations in this T range are called for to substantiate
such a speculation [50].

B. DyRh2Si2

Figure 6 displays the dc susceptibilities χ of one of our
DyRh2Si2 single crystals with magnetic fields of 25 Oe
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applied along the (100) and (001) directions. From this, TN =
54.7 ± 0.5 K and T1 = 12.0 ± 0.2 K were obtained. Fits of
1/χ (see the inset in Fig. 6) yield effective moments of μeff ≈
(11.2 ± 0.5)μB (the expected value for Dy3+ is 10.65μB).
The deduced Weiss temperatures are θc ∼ 30 ± 0.8 K along c
and θa ∼ −39 ± 0.4 K along the a direction, indicating qual-
itatively similar but somewhat larger interactions compared
to HoRh2Si2. These values are consistent with the magnetic
properties recently reported for DyRh2Si2 single crystals [33].

The magnetic behavior of DyRh2Si2 is qualitatively similar
to that observed for HoRh2Si2 [see Figs. 1(b) and 6]. For both
compounds, the magnetic moments align along the c direction
below TN [19,42] but tilt away from c for T < T1. The larger
Weiss temperatures of DyRh2Si2 are in line with its larger
TN compared to the Ho compound. Also, about two times
larger magnetic fields (4.0 and 8.2 T [33]) are required for the
steplike magnetization behavior in DyRh2Si2 with �H ‖ (001),
which is otherwise very similar to the one shown in Fig. 2.
There is no indication for any other transition in DyRh2Si2;
i.e., there appears to be no counterpart to T2 seen in HoRh2Si2.

Single crystals DyRh2Si2 exhibit a preferred natural
growth edge along the [110] crystallographic direction [36].
Therefore, a suitable sample for measurements of thermal
expansion along the (100) direction needed to be searched for.
Some results for two different runs are presented in Fig. 7(a).
Between these runs (denoted as runs 1 and 2) the single crystal
was mounted afresh inside our measurement cell. As can
clearly be seen, the two runs yielded quantitatively different
results, although the transitions were always observed at very
similar temperatures (or magnetic fields) and agree well with
the results from other measurements (see below). The same
holds for additional runs as well as measurements along the
(110) and (001) crystallographic directions (not shown here).
This indicates that our measurements are genuine. As in the
case of HoRh2Si2, we may speculate that domain effects play
a role in these differences, but other influences cannot be ruled
out at present. We therefore restrict ourselves to a discussion
of the transition temperatures (and transition fields in the case
of magnetostriction) in the following.

Included in Fig. 7 are examples of results for α(T, H ) ob-
tained at different applied magnetic fields, here, μ0H = 2 and
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FIG. 7. (a) Two measurements of thermal expansion
�L100(T )/L100 (dashed lines, right scale) on a single crystal
of DyRh2Si2, along with the thermal expansion coefficient α(T ).
Also included are examples of α(T, H ) in applied magnetic fields for
run 1. (b) Magnetostriction �L(H )/L0 at T = 1.8 K with magnetic
fields applied along the (100) direction (dashed lines, up sweep).
The magnetostriction coefficients λ (left scale) vary considerably in
magnitude for μ0H � 1 T.

9 T. For the latter, TN is reduced to ∼53 K, while the transition
at T1 is largely suppressed to a faint, broad crossover. At such
high in-plane fields, the magnetic moments rotate toward the
field direction regardless of the presence or absence of any
tilting away from the c direction due to the CEF.

An example of a thermal expansion measurement along
the (110) direction is presented in Fig. 8(a) which is, not
surprisingly, very similar to the (100) direction. The results
of our measurements for �H ‖ (110) are summarized in the
low-temperature–magnetic field phase diagram in Fig. 8(b).
All blue portions were taken from [33]. Obviously, the thermal
expansion (red and green stars at zero field) and magnetostric-
tion (diamonds) results agree nicely with these reported data.
As mentioned earlier, results obtained for different samples
(marked by red and green symbols) also agree well, and
hence, the quantitative differences discussed above are not
caused by sample dependences. Note that the temperature
range of this phase diagram is well within the antiferro-
magnetic order, T � TN. As mentioned, below T1 = 12 K,
the magnetic moments start to tilt away from the crystallo-
graphic c direction. Moreover, the (small) magnetocrystalline
anisotropy within the basal plane gives rise to an additional
feature in the phase diagram depending on whether the CEF-
derived anisotropy or the applied magnetic field dominates
energetically. As a result, one may expect a crossover, rather
than a transition, which would explain the broad feature at
μ0H < 1.5 T observed in λ for �H ‖ (110) [similar to the data
shown in Fig. 7(b) for �H ‖ (100)].
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FIG. 8. (a) Example of a thermal expansion measurement along
(110). (b) Low-temperature–magnetic field (T –H ) phase diagram of
DyRh2Si2 with �H ‖ (110). All blue data points, lines, and shading
were taken from [33]. Our thermal expansion (stars) and magne-
tostriction (diamonds) results agree well with the reported data [33].
Green and red symbols indicate results from two different samples.

An example of magnetostriction measurements with �H ‖
(001) at several temperatures is shown in Fig. 9(a). At T =
60 K, i.e., for T > TN, only a very small and featureless
field dependence of �L(H )/L0 is seen. As a result, we can
safely assume that the steplike features observed in L(H, T <

TN)/L0 are linked to the antiferromagnetic spin alignment.
Plotting all the transitions observed in the magnetostriction
measurements in a H-T phase diagram results in Fig. 9(b).
Here, our data are overlayed onto the respective phase di-
agram in [33] (red data points, shading, and labels). The
excellent agreement in Fig. 9(b) indicates that the two jumps
observed in magnetostriction [Fig. 9(a)] are related to two
consecutive spin-flip transitions from an antiferromagnetic
+ − +− state (marked AFM I) to + + +− (AFM II) beyond
about 4 T and, finally, to a field-polarized (FP) + + ++
state [33].

Our thermal expansion measurements [stars in Fig. 9(b)]
conducted at different constant fields H reveal the presence of
another transition which was not included in the earlier phase
diagram [33]. As it is observed at T ∼ 12 K, it is likely related
to T1, i.e., the temperature at which the magnetic moments
tilt away from the crystallographic c direction. This tilting
is a consequence of the strong anisotropy (i.e., large related
CEF parameters [31–33]) along the c direction, and hence, it
is not surprising to find this transition is nearly independent
of H , even in the field-polarized state at μ0H = 9 T [the
maximum field of our PPMS; see the red curve in the inset
of Fig. 9(a)]. The smaller (compared to the zero-field curve),
but clearly visible, change in α(T, μ0H =9 T) indicates that
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FIG. 9. (a) Exemplary magnetostriction �L(H, T )/L0 of
DyRh2Si2 at several temperatures, 1.9 � T � 60 K, with magnetic
field applied �H along the (001) direction. Inset: α(T, H ) measured
at 0 and 9 T for the same setup as in (a). (b) T -H phase diagram for
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from [33]. The results of thermal expansion and magnetostriction
measurements are presented by stars and diamonds, respectively.
Differently colored symbols (blue, green, dark yellow) mark results
from different runs on two samples. The alignment of the magnetic
moments is sketched by red arrows, along with a possible domain
formation below T1 (FP, field polarized; PM, paramagnetic).

right above ∼8 T the magnetic moments are still not fully
field aligned along (001) for T < T1. Above T1, the Dy mo-
ments appear to rotate smoothly in applied fields upon going
from the paramagnetic state to the FP state, as suggested by
the absence of any feature in α(T, μ0H =9 T). Interestingly,
despite the almost two times higher TN of DyRh2Si2 compared

to HoRh2Si2, the temperatures T1 are nearly the same (12 and
11.7 K, respectively). Moreover, the tilting angle of ∼25◦
at T = 4.2 K in DyRh2Si2 [19,31] is similar to the one in
HoRh2Si2. The observation of a clear jump in α(T, μ0H =
9 T) at T1 = 12 K for �H ‖ (001) but only a broad hump for
�H ‖ (100) [Fig. 7(a)] may again be related to the formation of

magnetic domains [see sketch in Fig. 9(b)] but may possibly
also be related to the (already mentioned) oblate shape of the
4 f electron density [27].

IV. CONCLUSION

The compounds DyRh2Si2 and HoRh2Si2 share sizable ef-
fects in thermal expansion. In fact, they both exhibit a canting
of the magnetic moments away from the crystallographic c
direction upon cooling to temperatures below about 12 K
which are reflected in positive peaks of α(T ) for all main
crystallographic directions. We attribute these similarities to
similar CEF effects experienced by the rare-earth elements in
both compounds as well as to similar 4 f electron densities
of the Dy3+ and Ho3+ ions. The latter may also serve as
an explanation for the observed opposite changes in α(T )
depending on whether it is measured parallel or perpendicular
to the c direction of the tetragonal lattice [Figs. 4 and 7(a)
and inset of Fig. 9(a)]. Unfortunately, a quantitative analysis
beyond this qualitative comparison has proven difficult due to
differences in the magnitudes of both α and λ for differently
mounted samples, particularly in the case of DyRh2Si2. We
attribute these differences to magnetic domain effects in these
samples. This assumption is supported by the fact that in all
measurements of α(T ) and λ(H ) highly consistent transition
temperatures or transition fields were observed, respectively.

One difference between the two compounds is the appear-
ance of a second transition temperature T2 close to, but distinct
from, TN in HoRh2Si2. This transition is seen in numerous
properties: χ (T ), Cp(T ), and α(T ). Neutron diffraction mea-
surements indicated a strong change in the intensity of the
magnetic 100 reflection at 27 ± 1 K [17]. This observation
may point to a change in the magnetic structure of HoRh2Si2

at T2, an assessment in line with an analysis of the magnetic
Grüneisen ratio.
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