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The evolution of magnetic properties of isostructural and isoelectronic solid solutions of the superconducting
itinerant 5 f -electron ferromagnet (FM) UCoGe with antiferromagnet (AFM) UIrGe was studied by magne-
tization, AC susceptibility, specific heat, and electrical resistivity measurements of a series of UCo1−xIrxGe
compounds in polycrystalline and single-crystalline form at various temperatures and magnetic fields. Both the
weak FM and superconductivity in UCoGe were found to have vanished already for very low Ir substitution
for Co (x = 0.02). The AFM of UIrGe is gradually suppressed. This is documented by a rapid decrease in both
Néel temperature and the critical field of the metamagnetic transition with decreasing Ir concentration, which
both tend to vanish just above x = 0.8. The section of the T -x phase diagram in the range 0.02 � x � 0.8 is
dominated by a correlated paramagnetic phase (CPM) exhibiting very broad bumps in temperature dependencies
of b-axis magnetization and specific heat developing with increasing x. For x � 0.24, wide peaks appear in
the c-axis thermomagnetic curves due to AFM correlations which may eventually lead to frozen incoherent
spin configurations at low temperatures. The CPM is also accompanied by specific electrical resistivity anoma-
lies. The T -x phase diagram determined for the UCo1−xIrxGe compounds contrasts with the behavior of the
related URh1−xIrxGe system, which was reported to exhibit an extended concentration range of stable FM in
Rh-rich compounds and a discontinuous transformation between the FM and AFM phases at a critical Rh-Ir
concentration. The striking difference is tentatively attributed to (a) the instability of tiny U moment in the weak
itinerant FM UCoGe induced by substitutional disorder at already very low Ir doping, (b) the rather stable U
moment in URhGe formed by much less delocalized 5 f electrons assisted by weakly varying lattice parameters
of URh1−xIrxGe compounds.

DOI: 10.1103/PhysRevB.105.014436

I. INTRODUCTION

Orthorhombic UT X (T = transition metal, X = a p-
electron element) uranium compounds of TiNiSi-type struc-
ture are of constant interest due to the extraordinary richness
of various magnetic and superconducting states and other
strongly correlated electron phenomena. Special attention
was paid to URhGe [1] and UCoGe [2] due to the unique
coexistence of ferromagnetism (FM) and superconductivity
(SC). The evolution of magnetism with increasing dis-
tance of U nearest neighbors within the series of UTGe
compounds seems to follow Hill’s scenario [3–5] when start-
ing with the paramagnetic (PM) ground state of URuGe
followed by FMs UCoGe [2] and URhGe [1] and an-
tiferromagnets (AFMs) UIrGe [6,7], UNiGe [8–10], and
UPdGe [11,12]. Despite this empirical finding, the evolu-
tion of magnetism in pseudoternary alloy systems is often
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unexpectedly different. This confirms the fact that the mi-
croscopic origin of the magnetism in these compounds is
more complex than determined only by the overlaps of the
5 f orbitals of the nearest-neighbor U ions. The strong role
of competing FM and AFM interactions mediated by the
5 f -ligand hybridization determining the magnetic ground
state was predicted for these compounds [13,14] as well
as for the recently discovered nonmagnetic heavy-fermion
superconductor UTe2 [15,16].

Strong magnetocrystalline anisotropy, which reflects the
capture of 5 f -electron magnetic moments in certain crys-
tallographic directions, appears to be a generic property of
uranium magnets. The strong interaction of spatially extended
U 5 f orbitals with the orbitals of surrounding ligands and
the involvement of 5 f electrons in bonding [17,18] imply a
mechanism of magnetocrystalline anisotropy based on a two-
ion (U-U) interaction which has been theoretically described
by Cooper et al. [19] and Hu et al. [20]. The anisotropy
of the bonding and 5 f -ligand hybridization assisted by the
strong spin-orbit interaction are the key ingredients. The
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systematic occurrence of particular types of anisotropy re-
lated to the layout of the U ions in crystal lattices in which
the U-U coordination is clearly defined suggests an em-
pirical rule that the easy magnetization direction is in the
plane perpendicular to the nearest U-U links [9,21]. It is
well documented, e.g., by the uniaxial anisotropy with the
easy magnetization direction along the c axis in hexagonal
UT X compounds with the ZrNiAl-type structure in which the
nearest neighbor U atoms are concentrated in basal-plane U
sheets [9,21].

The nearest U atoms in the orthorhombic structure of the
TiNiSi-type common to UTGe compounds form zigzag chains
running along the a axis, which appears to be the hardest
direction of magnetization. However, the situation is not as
straightforward as in the hexagonal compounds. The actual
type of anisotropy seems to be related to the type of magnetic
ground state. The FMs adopt a uniaxial anisotropy [22–24],
while an orthorhombic anisotropy [25] is characteristic for
AFMs [7,10,26].

UCoGe is known as an Ising-like weak itinerant FM with
a very reduced ordered moment μ0 = 0.07 μB oriented along
the orthorhombic c axis. The a- and b-axis linear M(B) de-
pendences, respectively, represent very weak PM signals in
directions perpendicular to c [27].

UIrGe is an AFM exhibiting the orthorhombic anisotropy
[7,28]. The easy magnetization direction in both the PM and
the AFM state is parallel to the b axis. The magnetization ob-
served in the c axis direction is intermediate between the b and
a-axis signals. The superconducting phenomena in UCoGe
and URhGe seem to be related not only to the FM ground state
but also to various PM modes, which develop at much higher
temperatures. However, the nature of these relationships re-
mains unexplained. The unusual features of the FM and PM
states in the uranium FM superconductors have been revealed
by studies of their pseudoternary alloy systems [26,29]. UIrGe
is isostructural and isoelectronic with UCoGe and URhGe, but
on the contrary, it exhibits an AFM ground state and does not
show SC.

It is, of course, of natural interest to see the effect
of alloying UIrGe with the two FM superconductors. The
URh1−xIrxGe case has been studied and results published
earlier [14]. The key feature reported for this system is the
discontinuity in all the magnetic parameters between the FM
and AFM phase typical for the first-order transition induced
by the change of Rh/Ir composition ratio at xcrit = 0.56.

These aspects motivated us to investigate also the
UCo1−xIrxGe system by measurements of magnetization, spe-
cific heat, and electrical resistivity at various temperatures and
magnetic fields. Results of this paper indicate that, contrary to
the behavior of the URh1−xIrxGe system, the UIr1−x CoxGe
compounds have a PM ground state in a rather wide range
of intermediate concentrations between the FM and AFM
phase spaces. The specific heat and magnetization anomalies
showing up at elevated temperatures can be understood as ef-
fects of strong AFM correlations and/or freezing of incoherent
configuration of magnetic moments with possible short-range
magnetic order (SRMO).

Technical issues of this paper (Experimental), results of
chemical and crystallographic analysis (Concentrations and
lattice parameters), and some supplementary results in graph-

ical and tabular form have been moved to the Supplemental
Material [30].

II. RESULTS AND DISCUSSION

A. Magnetization

The low-field (0.01 T) thermomagnetic curves of
UCo1−xIrxGe compounds: in polycrystalline form x � 0.3
[Figs. 1(a) and 1(b)], monotonously increase at a gradually
increasing negative slope with decreasing temperature. The
slope of the M(T ) curves at a corresponding temperature de-
crease with increasing x. The M(T ) curves obtained on single
crystals for x � 0.07 in the magnetic field applied parallel to
the c axis show analogous evolution [Fig. 1(a)]. When increas-
ing Ir concentration for x � 0.4 in polycrystals [Fig. 1(b)] and
x � 0.24 in single crystals [Fig. 1(c)], the M(T ) curves show
a peak. A peak on an M(T ) curve may appear due to several
reasons: a magnetic phase transition to an AFM state, freezing
of glassy spins configurations, short-range AFM ordering, or
AFM correlations in a PM phase. The M(T ) curves have for
x � 0.8 a more or less symmetric bump shape. For x > 0.8,
the anomaly is abruptly terminated by an edge and drop on
the low-temperature side [Figs. 1(b) and 1(c)] like the M(T )
dependence exhibited by the UIrGe single crystal [also shown
in Fig. 1(c)].

The above features of the M(T ) curves are naturally more
clearly seen in the results measured on single crystals [see
Fig. 1(c)] in the magnetic field applied parallel to the easy
magnetization direction. The UCo0.98Ir0.02Ge crystal repre-
sents a compound that remains PM down to the lowest
measured temperature (400 mK) but appears in the vicinity
of the onset of FM with increasing Co concentration. Then
follow the PM compounds in the intermediate concentration
range (x = 0.24, … 0.67) exhibiting a broad peak on the
M(T ) curve mentioned above for polycrystals. The crystals
with Ir concentrations x � 0.84 behave qualitatively like the
AFM UIrGe (x = 1.0).

Data measured on individual single crystals (shown in de-
tail in Figs. 2 and 3) enable us to see that the magnetization
of UCo1−xIrxGe compounds is strongly anisotropic and how
the anisotropy develops throughout the pseudoternary system.
The M(B) data measured on the UCo1−xIrxGe single crystals
at 2 K reveal that the a axis is in all studied compounds
the hard magnetization direction characterized by the weak
linear M(B) increase reaching ≈0.05 μB/f.u. in an external
magnetic field of 14 T irrespective of the magnetic ground
state. In the sequence of crystals with increasing x, the crystals
with x � 0.24 exhibit uniaxial anisotropy comparable with
that observed in the uniaxial FM UCoGe with the c-axis easy
direction of magnetization [31]. It is characterized by the
relation of the 2 K magnetization measured parallel to the c, b,
and a axes, respectively, Mc � Mb ≈ 2Ma; both Ma(B) and
Mb(B) are linear functions. With increasing x beyond 0.24, the
ratio Mb(B) : Ma(B) gradually increases (see also Table S2 in
the Supplemental Material [30]). This indicates the change of
the anisotropy from uniaxial to orthorhombic. For x � 0.67,
Mb(B) becomes nonlinear. For x = 0.84 and 0.89, both the b
and c axes are easy magnetization directions, i.e., the b-c plane
is the easy plane. For x = 0.92 and 1.0 (UIrGe), the b axis is
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FIG. 1. The thermomagnetic curves measured on selected UCo1−xIrxGe samples in μ0H = 100 mT for (a) polycrystals with x � 0.05
and single crystals with x � 0.07, (b) polycrystals with x � 0.3, and (c) single crystals with x � 0.24 in magnetic fields applied along the
c axis. The vertical arrows and corresponding labels indicate Néel temperatures determined from specific heat data measured on (see below)
antiferromagnetic (AFM) single crystals (for x � 0.84) in panel (c) and AFM polycrystal (x = 0.9) in panel (b).

the easy magnetization direction. This evolution of anisotropy
is reflected also in the thermomagnetic curves measured in
fields applied along the three main crystallographic axes (see
Figs. 2 and 3).

The low-field concave curvature of the 2 K magnetization
isotherms (Fig. S2(a) in the Supplemental Material [30] and
Fig. 2), measured for x � 0.05 on polycrystals and for x =
0.02 and 0.07 on single crystals (the c axis) followed by a
nearly linear increase in higher fields, signals the proximity
of itinerant FM observed in UCoGe. The absence of FM at
temperatures down to 2 K in these samples has been confirmed
by Arrott plots, which are shown in Figs. S3 and S4 in the Sup-
plemental Material [30]. To find a possible FM transition at
temperatures below, we have measured the AC susceptibility
of the low-x samples using a provisional setup consisting of
driving and pickup coils wound around the measured sample
and attached to the 3He stick of the PPMS, enabling measure-
ments at temperatures down to 400 mK. The measurements
revealed a peak in the temperature dependence of both the
real (χ ′) and imaginary (χ ′′) components of AC susceptibility
at ≈1 K (see Fig. S5 in the Supplemental Material [30]) for
samples with x = 0.005 and 0.01 that can be understood as
the onset of FM at this temperature. No signs of bulk SC were
observed in the AC susceptibility data measured on samples
with x < 0.01. On samples with x > 0.01, no anomaly was
observed which would indicate an FM or superconducting
transition at temperatures down to 400 mK, neither in χ ′(T )
nor χ ′′(T ) data.

The low-field part of 2 K isotherms (see Fig. S2(b) in
the Supplemental Material [30] for polycrystals and Fig. 3
for single crystals in the B//c axis) gradually straightens
with increasing Ir content up to x = 0.6 due to gradually
enhanced involvement of AFM interactions. The increas-
ing involvement of AFM interaction is reflected in the
slight S shape of the M(B) curve for the polycrystalline
sample with x = 0.7 (Fig. S2(b) in the Supplemental Ma-

terial [30]) and the single crystal with x = 0.67 for the
B//c axis.

The 2 K magnetization isotherms measured on the single
crystals with x = 0.24, 0.4, and 0.67 [Figs. 2(h)–2(j)] and
polycrystals with x = 0.4, 0.5, 0.7, and 0.8 (Fig. S2(b) in the
Supplemental Material [30]) are, in our opinion, characteristic
of a strongly anisotropic PM. Thermomagnetic curves (Fig. 2)
show a broad peak (for single crystals only the curves for
B//b and B//c) characteristic of a considerable involvement
of AFM correlations. The Mc(T ) values dominate, whereas
the Mb(T ) peak is much broader and located at higher tem-
peratures.

Further increasing Ir concentration above x = 0.8 (see
Fig. 1) leads to AFM. The AFM transition is reflected as a
sudden decrease of magnetization with decreasing tempera-
ture in the Mc(T ) and Mb(T ) dependences seen in Figs. 1
and 3. The AFM ordering is documented also by the meta-
magnetic transitions observed in the 2 K Mb(B) and Mc(B)
isotherms.

The temperature dependences of PM susceptibility cal-
culated from Mc(T ) and Mb(T ) follow the modified Curie-
Weiss law at temperatures T > 50 K:

χ = NAμ2
eff

3kB(T − θp)
+ χ0, (1)

with parameters (μeff = effective magnetic moment, θp = PM
Curie temperature, χ0 = temperature-independent suscepti-
bility) shown in Table S3 in the Supplemental Material [30].
Here, NA = Avogadro number, and kB = Boltzman’s constant.
We are well aware that the values of the corresponding param-
eters cannot correctly describe the PM state in such complex
compounds as UCo1–xIrxGe. However, a closer examination
of Table S3 in the Supplemental Material [30] reveals some
tendencies that can be considered in the discussion in con-
junction with other experimental results. From fitting the
easy-magnetization-direction (c axis) PM susceptibility, (a)
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FIG. 2. Left column: The thermomagnetic curves measured on
the single crystals: (a) UCo0.98Ir0.02Ge, (b) UCo0.98Ir0.02Ge, (c)
UCo0.76Ir0.24Ge, (d) UCo0.6Ir0.4Ge, and (e) UCo0.23Ir0.67Ge in a mag-
netic field of 100 mT applied parallel to the a, b, and c axes,
respectively. The temperatures of M(T ) maxima are marked by
vertical arrows and corresponding labels. Right column: The corre-
sponding magnetization curves measured at 2 K in magnetic fields
applied parallel to the a, b, and c axes, respectively. The dashed lines
represent the linear extrapolation from 7 (9) to 14 T.

the μeff values appear in a relatively narrow corridor around
the mean value of 1.83 μB/f.u. (b) The small positive θ c

p
values show the maximum at x = 0.24 and decrease with
increasing the Ir concentration toward θ c

p ≈ 0 K at x � 0.67.
Then the θ c

p value drops to −11 K at x = 0.84 and remains
practically constant with increasing Ir concentration up to 1.0
(UIrGe). The concentration interval characterized by negative
θ c

p values coincides with the interval of stability of AFM in
UCo1−xIrxGe compounds. The values of the b-axis effective
magnetic moment are around the mean value of 2.52 μB/f.u..
The very large negative θb

p value of −164 K for x = 0.02
reflects nearly temperature-independent b-axis susceptibility
due to the strong uniaxial anisotropy with the easy-axis di-
rection perpendicular to the a-b plane. When increasing the Ir
concentration further, the θb

p values become gradually reduced
down to −39 K at x = 0.67, reflecting the transformation

FIG. 3. Left column: The thermomagnetic curves measured on
the single crystals: (a) UCo0.16Ir0.84Ge, (b) UCo0.11Ir0.89Ge, (c)
UCo0.078Ir0.92Ge, and (d) UIrGe in a magnetic field of 100 mT
applied parallel to the a, b, and c axes, respectively. The Néel tem-
peratures determined from specific heat data are marked by vertical
arrows and corresponding values. Right column: The corresponding
magnetization curves measured at 2 K in magnetic fields applied
parallel to the a, b, and c axes, respectively. The dashed line is the
linear extrapolation from 7 to 14 T.

of anisotropy from uniaxial to orthorhombic. For x � 0.84,
where we find AFMs, the negative θb

p values settle in a corri-
dor of −35 ± 7 K.

The a-axis susceptibility is very slightly increasing with
decreasing temperature in all studied crystals. It drops by
∼10% at the AFM transition with cooling. This anomaly is
small nevertheless ubiquitous in all AFM crystals and indi-
cates that the a-axis component plays a nonnegligible role in
noncollinear magnetic structures of the AFM UCo1−xIrxGe
compounds like the isostructural case of UNiGe [32–34].

It is worth noting that magnetization data measured on
polycrystals of materials with considerable magnetocrys-
talline anisotropy, such as the UCo1−xIrxGe compounds,
provide only limited informative value. We measure an aver-
age value of actual magnetizations of randomly oriented small
single-crystalline grains projected on the axis of the magne-
tization detection system. If we measure the magnetization
of a polycrystal in the direction of applied magnetic field
sufficiently smaller than the anisotropy field, the measured
values represent a spatial average of the easy-axis magneti-
zation (Measy). In the case of materials with strong uniaxial
anisotropy, Mpolycr = 0.5Measy. In our case, we consider the
temperature of Mpolycr (T ) as the temperature of Mc(T ) maxi-
mum.
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FIG. 4. The temperature dependences of specific heat (CP/T vs T plots) in zero external magnetic field of UCo1−xIrxGe compounds for
(a) polycrystals with x � 0.05 and single crystals with x � 0.07, (b) polycrystals with x � 0.3, and (c) single crystals with x � 0.24. The
vertical arrows and corresponding labels indicate Néel temperatures of antiferromagnetic (AFM) single crystals (for x � 0.84) in panel (c) and
AFM polycrystal (x = 0.9) in panel (b). For the sake of clarity, the curves are gradually shifted for (a) by a linear offset (x) decreasing with
increasing x, and for (b) and (c) by an offset (x) increasing with increasing x. Data for UCoGe are taken from Ref. [35].

B. Specific heat

The specific heat data measured for all available polycrys-
talline and single-crystalline samples are shown in Fig. 4. In
this context, it is worth noting that the specific heat is an
isotropic property of material if measured in the absence of
a magnetic field. The specific heat behavior of the material of
the same composition can then be considered the same regard-
less of whether they are measured on a polycrystal or a single
crystal. We consider this fact in the following discussion.

The TC-related anomaly and the steep increase <1 K asso-
ciated with the onset of SC in the CP/T vs T data observed
for UCoGe are wiped out already from data measured on
the sample with x = 0.005. The convex CP/T vs T curves
for x � 0.05 gradually straighten with increasing x up to 0.5,
where a broad bump appears on an almost straight CP/T vs
T dependence. The bump develops gradually with further
increasing Ir content. For x = 0.84, a λ peak reflecting a
second-order magnetic phase transition at 10.2 K appears. The
peak qualitatively like the TN-related anomaly observed for
UIrGe gradually grows and moves to higher temperatures with
increasing Ir concentration.

To determine the magnetic entropy Smag, we have sub-
tracted the phonon Cph and electron Cel contribution from
the experimental CP data, as shown in Fig. 5(a). Since the
simple Debye ∼ T 2 dependence does not provide a usable fit,
a general polynomial function with the dominant quadratic
term was used. Figure 5(a) shows a representative example.
In Fig. 5(b), Smag rapidly decreases with decreasing x from
0.19 Rln2 for x = 1.0 (UIrGe) down to ∼0.07 Rln2 for x =
0.8, which most likely reflects rapid suppression of the AFM
order with Co substitution for Ir. For x = 0.8, the anomaly
in the CP/T vs T dependence has a form of a broad bump
which is most probably not connected with an AFM phase
transition, but it reflects critical AFM fluctuations, short-range
AFM ordering, or a frozen spin-glass-like state. This picture

is corroborated by observing the magnetization (broad M(T )
peak in Fig. 1(b) and slight M(B) S shape in Fig. S2(b) in the
Supplemental Material [30]) and electrical resistivity (rapid
ρ(T ) increase with decreasing temperature <10 K) behavior.
The further decrease of Smag(x) with decreasing x from 0.7 to
0.4 is much slower, and Smag vanishes ∼0.3.

The overall evolution of Smag with decreasing Ir content is
in line with the evolution of magnetization and specific heat
anomalies and may be tentatively understood in terms of sup-
pression of long-range AFM order at a critical concentration
xc near to 0.8. The tiny broad bumps in CP/T vs T observed
for 0.3 < x � 0.7 may be understood in terms of short-range
magnetic ordering, freezing of a glassy configuration of spins,
or AFM correlations in the PM state like, e.g., the CeRu2Si2

case [36].
The large difference between Smag of UCoGe and UIrGe

in conjunction with a qualitatively similar difference of U
magnetic moments in the two compounds highlights the fact
that the 5 f -electron states in UCoGe are considerably more
delocalized than in UIrGe.

C. Electrical resistivity

The temperature dependencies of electrical resistivity ρ(T )
measured on polycrystalline samples are shown in Fig. S6 in
the Supplemental Material [30] in ρ(T ) plots. No anomaly
which could be attributed to a magnetic phase transition to
FM or AFM state can be identified in the displayed ρ(T )
curves except for the sample with x = 0.9, where the dra-
matic drop with decreasing temperature is observed <25 K
(TN = 14.8 K has been determined from specific heat data
shown in Fig. 4(b)). A shallow minimum at ∼7 K is observed
like the minimum observed in pure UIrGe [5,38]. The reverse
behavior of the sample with x = 0.8 exhibiting rapidly in-
creasing resistance with the decreasing temperature that was
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FIG. 5. (a) Temperature dependence of specific heat and its components (CP/T vs T plots) and magnetic entropy Smag of UIrGe and (b)
the value of Smag as a function of x expressed in units Rln2 (polycrystals = green points, single crystals = blue points). The inset shows Smag

vs T for x � 0.4 compounds. The value of Smag for UCoGe (marked by the star) was taken from Refs. [37].

mentioned already above probably reflects critical AFM
fluctuations, short-range AFM ordering, or a frozen spin-
glass-like state. Similar but less pronounced ρ(T ) behavior is
seen for x = 0.7. When further decreasing Ir concentration,
a broad peak at 25 K in the ρ(T ) dependence appears for
x = 0.6. A low and broad ρ(T ) peak has been found also at
temperatures in the interval 26–33 K (see Table S4 in the Sup-
plemental Material [30]) for the intermediate compositions
x = 0.1–0.4.

The dramatic drop of electrical resistivity observed only for
samples with x = 0.005 and 0.01 when cooling < 0.5 K (Fig.
S7 in the Supplemental Material [30]) can be understood as
the onset of the superconducting transition. Nevertheless, a
zero resistivity was not reached down to 0.4 K. Bulk SC in
these samples can be expected < 0.4 K.

The low-temperature ρ(T ) data were fitted with the follow-
ing expression:

ρ = ρ(0) + AT n, (2)

where ρ(0) is the residual resistivity. The values of the expo-
nent n listed in Table S5 in the Supplemental Material [30] are
in most cases � 2, which is usually considered a hallmark of
non-Fermi liquid behavior.

The ρ(T ) dependences measured on single crystals for
current parallel to each main crystallographic axis (ρa(T ),
ρb(T ), and ρc(T ), for i//a, i//b, and i//c, respectively)
are displayed in Figs. 6 and 7. These data document the
anisotropy of temperature dependence of resistivity of the
studied compounds. The ρ(T ) data measured on polycrystals
are the result of multiple processes of intragrain and intergrain
transport by a conglomerate of quasirandomly oriented grains
between stress contacts on the measured sample. It is clear
that resistivity data measured on polycrystals of materials with
anisotropic resistivity, such as UCo1−xIrxGe compounds, do
not have much informative value regarding intrinsic electrical
transport behavior.

This fact can be documented by comparing the ρ(T )
dependences measured on a polycrystal and corresponding
ρa(T ), ρb(T ), and ρc(T ) dependences measured on a single

crystal of the corresponding composition, e.g., x = 0.02 or
0.4.

The resistivity of the x = 0.02 polycrystal remains con-
stant with cooling from 100 to 50 K and then decreases
with further similarly decreasing temperature as the ρa(T )
dependence. However, the ρc(T ) dependence measured on a
single crystal exhibits a pronounced broad peak at 25 K, which
reflects scattering of conduction electrons on anisotropic
magnetic fluctuations along the c axis. A similar but con-
siderably lower ρc(T ) anomaly is observed for UCoGe and
UCo0.93Ir0.07Ge. This means that the scattering of conduc-
tion electrons on magnetic fluctuations is the strongest in
UCo0.98Ir0.02Ge. This result in conjunction with the practi-
cally linear ρc(T ) dependence at lowest temperatures can
most probably be associated with the proximity of the onset
of FM which is expected at a somewhat lower Ir concentration
than x = 0.02.

The ρc(T ) dependences measured on single crystals with
x = 0.24 and 0.4 are also anomalous, reflecting some role of
scattering of conduction electrons on the magnetic fluctuation
at low temperatures. Also, the knees on the ρa(T ) and ρb(T )
becoming more pronounced are shifted to lower tempera-
tures, which can be due to growing involvement of AFM
interactions in the hierarchy of exchange interactions. The
low-temperature upturns of ρa(T ), ρb(T ), and ρc(T ) curves,
as well as the S shape of the corresponding Mc(H ) curve in
Fig. 2, indicate strong involvement of AFM correlations in
these phenomena.

Finally, the ρa(T ), ρb(T ), and ρc(T ) data obtained on
single crystals with x � 0.84 are typical for an AFM with
anomalies like those observed at TN on AFM rare-earth metals
with spiral spin structures [39] but also on the famous itinerant
electron AFM Cr [40,41]. In the first case, the scenario consid-
ers that the spiral spin structures cause an exchange field at the
conduction electrons with a lower symmetry than that of the
crystal lattice is applied. This introduces new boundaries in
the Brillouin zone and distorts the Fermi surface. This distor-
tion and the scattering of the conduction electrons by the spin
disorder give rise to the specific anomaly at TN. This approach
may probably be considered also on noncollinear AFMs as
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FIG. 6. Temperature dependence of relative electrical resistiv-
ity on the single crystals: (a) UCoGe, (b) UCo0.98Ir0.02Ge, (c)
UCo0.93Ir0.07Ge, (d) UCo0.76Ir0.24Ge, and (e) UCo0.6Ir0.4Ge for elec-
trical current parallel to the a (green), b (red), and c (blue) axes,
respectively.

UIrGe and its Co-doped variants. Considering the theory pre-
sented by Elliott and Wedgwood [39], we can expect that
the particular magnetic structure has a different periodicity
than the crystal structure in the direction in which the applied
electric current is accompanied by this specific ρ(T ) anomaly
at TN. However, this statement conflicts with the proposed
AFM structure in UIrGe [42,43], which has been proposed
noncollinear but commensurate with the crystallographic unit
cell. This is another argument for reinvestigation of the mag-
netic structure of UIrGe by neutron diffraction.

A closer inspection of ρ(T ) dependences connected with
cooling in the AFM state is the upturn at temperatures
<10 K. The size of this effect for fixed current direction has
been found sample dependent. When applying a magnetic
field larger than the critical field of metamagnetic transi-
tion by which the AFM structure is destroyed, the upturn is
suppressed, and the resistivity with decreasing temperature
<10 K continuously decreases. Considering these findings,
we tentatively attribute this ρ(T ) upturn to some defects (e.g.,
stacking faults, spin slips reported, e.g., in the case of CePtSn
[44,45]) of the AFM structure which can be caused by some
crystal structure defects.

D. Magnetic phase diagram

The magnetization, specific heat, and resistivity data
presented above allow us to sketch a tentative T -x magnetic-
phase diagram for the UCo1−xIrxGe system shown in Fig. 8.
Part of the information on the parent UCoGe and UIrGe
compounds has been taken from the relevant literature sources
[6,31,46].

The AC susceptibility and electrical resistivity measure-
ments down to 0.4 K revealed that TC of the weak itinerant
5 f -electron FM is rapidly reduced already with slight Ir sub-
stitution for Co (to ≈1 K for x = 0.01), and the SC persist
only up to x = 0.01. At this Ir concentration, the SC seems to
also persist as documented by the drop of electrical resistivity
with cooling < 0.5 K, but Ts is decreased well below 0.4
K. No signs of FM and AFM can be traced by resistivity
and AC susceptibility at temperatures down to 0.4 K. On
the other hand, the AFM ordering in UIrGe survives at least
up to the substitution of 16% Co for Ir in UIrGe. We can
see that TN steeply decreases with decreasing x from 1 to
0.84, as documented by results obtained on single crystals
with x � 0.84. Measurements for x = 0.8 could only be per-
formed on polycrystalline samples. Nevertheless, we believe
that the measured behaviors of magnetization, specific heat,
and resistivity discussed above are quite convincing to con-
clude that the compound of this composition does not become
magnetically (AFM) ordered, i.e., the critical composition for
AFM in the UCo1−xIrxG system is 0.8 < xcrit < 0.84. The
diagram also shows the critical magnetic fields of the meta-
magnetic transition leading to the suppression of the AFM
order. The concentration dependences of these critical fields
(applied along the c and b axes, respectively) also point to this
concentration interval.

The samples 0.8 � x � 0.24 are characterized by broad
quasisymmetric peaks in the M vs T and very broad bumps
in CP/T vs T dependences declining at a much lower rate
with decreasing x than the decrease of TN [see Figs. 1(c)
and 4(c)]. One cannot entirely exclude the possibility of
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DÁVID HOVANČÍK et al. PHYSICAL REVIEW B 105, 014436 (2022)

FIG. 7. Left column: Temperature dependence of relative electrical resistivity on the single crystals: (a) UCo0.33Ir0.67Ge, (b)
UCo0.16Ir0.84Ge, (c) UCo0.11Ir0.89Ge, (d) UCo0.08Ir0.92Ge, and (e) UIrGe for electrical current parallel to the a (blue), b (red), and c (green)
axes, respectively. Right column: Low-temperature details of the corresponding ρa(T ), ρb(T ), and ρc(T ) ρc(T ) plots, respectively, displayed
in the left column.

specific AFM phases in this concentration range of the
UCo1−xIrxGe system like those proposed in the case of the
UCo1−xPdxGe compounds [47]. However, we are more in-
clined to assume that the highest substitution disorder in the
intermediate concentration range causes the distribution of
exchange interactions that lead to complex magnetic corre-
lations in the PM state [correlated paramagnet (CPM)] and
ultimately to the freezing of incoherent spin arrangements
(spin-glass-like, cluster glass [48] with possible SRMO).
These phenomena lead to responses of the system like those
we have observed in the concentration range 0.8 � x � 0.24.
One should be aware that this situation is caused also by a

mixture of two T metals with 3d and 5d valence electrons of
significantly different bandwidths and different strengths of
spin-orbit interaction. The magnetism in UCo1−xIrxGe com-
pounds is further complicated by the strong and complex
magnetocrystalline anisotropy that alters with various alloying
of the mother compounds.

The PM state of samples on the Co-rich side (0.02 � x �
0.2) was confirmed both by missing anomalies in specific
heat and magnetic susceptibility data measured down to 0.4
K. The broad peak in the ρc(T ) dependence measured on
UCo1−xIrxGe single crystals with x = 0.02 and 0.07 at 25 K
are analogous to the ρc(T ) anomaly observed for UCoGe [35],
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FIG. 8. T -x magnetic phase diagram of UCo1−xIrxGe system.
The temperatures marked by magenta/navy stars depicting TC/Tmax,c

were obtained on polycrystals. The data for UCoGe (marked by a
magenta circle) are taken from Ref. [31].

where it is due to the scattering of conduction electrons on
anisotropic FM fluctuations along the c axis. In this respect,
we tentatively attribute the behavior of compounds with 0.02
� x � 0.2 to PM with FM fluctuations. In the case of com-
pounds with 0.24 � x � 0.8, we are more inclined to assume
PM influenced by AFM correlations especially due to peaks
observed in the Mc(T ) and Mb(T ) dependences.

The temperatures of Mc(T ) and Mb(T ) maxima observed
for single crystals with x � 0.24 labeled as Tmax,c and Tmax,b,
respectively, are also displayed in the magnetic phase dia-
gram. In the sense of the aforementioned notes on the relation
between the magnetization measured on a polycrystal and a
single crystal along the easy magnetization axis, we consider
also the temperatures of M(T ) maxima measured on polycrys-
tals with 0.3 � x � 0.8 as corresponding Tmax,c values.

The Tmax values are taken as temperatures that characterize
the crossover from CPM to normal PM regime in the PM
phase [49,50]. The concentration dependence of Tmax,b, which
was introduced in Ref. [6] for pure UIrGe, has two parts
which are most probably separated by critical concentration
for AFM which is slightly higher than x = 0.8. UIrGe is
characterized by Tmax,b = 29 K [6] that is almost double the
value of TN (= 16.5 K). Here, TN rapidly decreases with de-
creasing Ir content, but Tmax,b falls at a more than double rate.
At x = 0.84, Tmax,b reaches its minimum value, and then it
increases with decreasing x and approaching the value of 37.5
K observed for UCoGe [46].

In the AFM range, the Tmax,c values are practically equal
to TN. For x decreasing from 0.8, the Tmax,c values slowly
decrease to 4 K at x = 0.24 with the tendency to vanish in
the interval 0.1 � x � 0.2.

Experiments that can address the microscopic aspects of
magnetism in UCo1−xIrxGe compounds directly (magnetic
neutron and x-ray scattering, μSR in particular) could pro-
vide details concerning the driving mechanism of the specific
phenomena in the CPM regime.

The resulting T -x phase diagram of the UCo1−xIrxGe sys-
tem in Fig. 8 is characterized by a very narrow concentration
interval of stability of FM and a wide intermediate concen-
tration region without magnetic ordering. This contrasts the

evolution of magnetism in the URh1−xIrxGe system reported
to exhibit an extended range of stable FM in Rh-rich com-
pounds up to a discontinuous transformation (typical for a
first-order transition) between the FM and AFM phases of
parent compounds at a critical concentration xcrit = 0.56 [14].

Finding a plausible explanation for the striking differ-
ence between the T -x phase diagrams of UCo1−xIrxGe and
URh1−xIrxGe is not an easy task. We can try to approach this
problem by discussing the mechanisms affecting the key com-
ponents of magnetism in uranium intermetallic compounds,
uranium magnetic moments, and exchange interactions be-
tween them with a special focus on the studied systems.

The 5 f -electron uranium wave functions, which are prop-
agated in space (unlike 4 f -electron orbitals deeply buried in
the core of lanthanide ions), overlap and interact with the 5 f
orbitals of neighboring U ions (5 f -5 f overlap) and hybridize
with valence electron orbitals of nonuranium ligands (5 f -
ligand hybridization) [51]. As a result, the 5 f orbitals lose
in compounds their atomic character, and the U magnetic mo-
ments are reduced compared with free U-ion moments (U3+
or U4+). The large 5 f -5 f overlap by rule prevents the forma-
tion of a permanent atomic 5 f -electron magnetic moment in
materials in which the distance of nearest-neighbor U atoms
(called dU−U) is smaller than the Hill limit (340–360 pm)
[52]. The 5 f -ligand hybridization has more subtle effects on
magnetism which show up in the lower U-content compounds
where the ligands surrounding U ions prevent the direct U-U
bonds [51]. The direct overlap of U 5 f wave functions is also
responsible for the direct U-U exchange interaction, while
the 5 f -ligand hybridization mediates the indirect exchange
interaction between U-ion moments separated by the involved
ligand.

The strong spin-orbit interaction in uranium ions induces
an orbital magnetic moment that dominates the spin moment.
This happens in all investigated magnetic U materials, even in
the cases of weak itinerant FMs like UNi2 [53,54] and UCoGe
[55,56].

The FM in UCoGe is characterized by the low TC value
(=2.7 K) and an extremely reduced spontaneous magnetic
moment μs = 0.07 μB at 2 K [27]. The FM ordering in
UCoGe is suppressed by the application of low hydrostatic
pressure of only ≈1 GPa [57–59]. The small magnetic mo-
ment and rapid suppression of TC in hydrostatic pressure are
hallmarks of weak itinerant FM.

URhGe becomes FM at higher TC(= 9.6 K), and the mag-
netic moment of μs ≈ 0.4 μB is also reduced but still much
larger than that in UCoGe [1,22]. Results of electronic struc-
ture calculations for URhGe [60] suggest itinerant 5f-electron
FM also in this compound. However, the FM order in URhGe
is unusually stable in applied hydrostatic pressure. The Curie
temperature increases with linearly increasing applied pres-
sure up to ≈17.5 K at 13 GPa [61].

The increase of TC with pressure in metallic FMs is
usually associated with more localized magnetic states, i.e.,
5 f -electron states in U compounds. UGa2 can be taken
as a prominent example [62,63]. Very different degrees
of localization can be identified, e.g., by the response of
critical temperature to external pressure. It has been demon-
strated by an opposite pressure effect on TC in the FMs,
namely, a negative effect in the case of UCoGa with more
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delocalized 5 f states and a positive effect in URhGa having
the 5 f states considerably more localized, leading to much
larger U magnetic moments than in the UCoGa case [61,64],
which represents an analogy to the pair UCoGe-URhGe. In
this scenario, the UCoGe is a weak itinerant 5 f -electron FM
with the spontaneous moment of 0.07 μB/f.u., and URhGe
has considerably more localized 5 f -electron states [65], yield-
ing a stable U moment of 0.43μB/f.u. This is also well
documented by the stability of FM in URh1−xIrxGe, which
persists up to x = 0.43, whereas the FM in UCo1−xIrxGe
ceases with only slight Ir doping of x < 0.02. A tiny U mag-
netic moment in UCoGe appears on the verge of instability.
It is known that no FM order could be observed in some
UCoGe samples [35,66]. Therefore, the substitutional disor-
der in UCo0.98Ir0.02Ge could be considered the mechanism
suppressing the ordered U moment [64,67,68].

Important arguments corroborating the very different de-
gree of localization of 5 f electrons and consequently the
different stability of FM in UCoGe and URhGe provide the
values of lattice parameters listed in Table S7 in the Supple-
mental Material [30]. The URhGe unit cell is apparently in
all three dimensions larger than that of UCoGe. This implies
also a larger value of dU−U and other interatomic distances
leading to a smaller 5 f -5 f overlap and weaker 5 f -ligand
hybridization, which results in a less reduced U magnetic mo-
ment in URhGe. UIrGe and URhGe have very similar lattice
parameters arising from almost identical radii of the transition
element ions [69]. Thus, the changes in lattice parameters
due to substitutions in the URh1−xIrxGe system are almost
negligible. Then stable FM and AFM phases on the Rh and Ir
side, respectively, of the phase diagram can be expected.

III. CONCLUSIONS

In this paper, we intended to explore the evolution of
magnetism in the pseudoternary compounds of composi-
tion between the superconducting itinerant 5 f -electron FM
UCoGe and isostructural and isoelectronic AFM UIrGe. For
this purpose, we have prepared a series of polycrystalline
samples of UCoGe doped with Ir in the wide range of
concentrations UCo1−xIrxGe (0.005 � x � 0.9) and 10 rep-
resentative single crystals and studied them by measuring
magnetization, specific heat, and electrical resistivity at vari-
ous temperatures and magnetic fields. The rich dataset enabled
us to construct the complex T -x phase diagram of the entire
pseudoternary system.

The already very low doping of UCoGe by Ir (x = 0.02)
leads to the instant suppression of FM and SC.

Further increase of the Ir content reinforces the magnetic
correlations, resulting in a strange state in the interval 0.24 �

x � 0.8. In our view, we ascribe magnetic behavior in this
concentration range to the PM state with strong FM/AFM
correlations (CPM) which can lead to the freezing of incoher-
ent spin arrangements (spin-glass-like, cluster glass [48] with
possible SRMO) at low temperatures. Ordinary AFM has been
detected in the interval 0.84 � x � 1 with an abrupt increase
of TN toward the parent UIrGe. The character of correlations
depends on the evolution of U magnetic moments and the
hierarchy of FM and AFM exchange interactions mediated
by 5 f -ligand hybridization 5 f -3d/5d (U-Co/Ir), which is con-
trolled by the composition of the Co/Ir sublattice.

In this paper, in comparison with [14] experiment, we
demonstrate the fundamentally different transformation be-
tween the FM and AFM states of parent compounds in
URh1−xIrxGe and UCo1−xIrxGe systems, respectively. The
striking difference is most probably due to the considerably
different degree of the localization of U 5 f -electron states in
the weak itinerant FM UCoGe with tiny U magnetic moment
on the verge of instability and the rather stable U moment in
URhGe characterized by more localized 5 f states.

In the polycrystalline study, we have revealed basic knowl-
edge about the T -x phase diagram of the UCo1−xIrxGe
system, but similarly, as in the neighboring alloy systems,
the complete single-crystal study allowed us to understand
the system in more detail. Results of the detailed study
of magnetization of single crystals in the main crystallo-
graphic directions demonstrate the gradual transformation of
magnetocrystalline anisotropy from the uniaxial anisotropy
of the Ising-like magnetism in UCoGe to the orthorhombic
anisotropy in UIrGe.

The temperatures of the b- and c-axis maxima charac-
teristic for the CPM regime have been determined existing
above the different magnetic states, and therefore, the correla-
tions can be of various natures. Further rigorous investigation
and understanding of the competition between the FM and
AFM correlations in the UCo1−xIrxGe system could be useful
particularly in the frame of the detected CPM region in the
recently discovered heavy-fermion superconductor UTe2.
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