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We report the crystal structure and highly-anisotropic magnetic, transport and thermal properties
of an exceptionally good single crystal of U(Rug.92Rho.08)2Si2 prepared using a modified Czochralski
method. Our study, that also includes neutron diffraction results, shows all the heavy-fermion
signatures of pristine URu2Si2, however, the superconductivity, hidden order and remanent weak
antiferromagnetic orders are absent. Instead, the ground state of the doped system can be classified
as a spin liquid that preserves the heavy-fermion character. U(Ruo.92Rho.0s)2Si2 exhibits a short-

range magnetic order distinguished by reflections of a Lorentzian profile at qrr;r = (% % %) positions
that disappear above =~ 15 K. The short-range order seems to be a precursor of a long-range magnetic
order that occurs with higher Rh concentration. We indicate that these short-range fluctuations

involve, at least partially, inelastic scattering processes.

PACS numbers: 75.25.-j, 75.30.-m

I. INTRODUCTION

URusSia is a heavy fermion compound (space group
I4/mmm), v = 180 mJ K?mole™!, where superconduc-
tivity (SC) below the superconducting transition at T,
= 1.5 K coexists with yet unidentified order param-
eter that is linked to a remanent antiferromagnetism
(AFM)*2 both appearing below Tyo = 17.5 K (for a
review see®). The weak AFM order is characterized by
a propagation vector g; = (1 0 0) with the ordered dipo-
lar moments pointing along the c-axis and very small,
(0.01 - 0.03 ™). In order to explain the clear anomalies
in temperature dependencies of properties, notably the
large entropy connected with the transition, an uncon-
ventional phase change is postulated. It is generally ac-
cepted that this AFM order is not intrinsic but parasitic.
Accordingly, this new state is called hidden order (HO)
and is one of the most addressed topics in heavy-fermion
physics research?. Near the HO state, different phases
can be induced by external perturbations like pressure,
magnetic field or substitution. A moderate pressure con-
verts the HO phase® into a static long-range antiferro-
magnetic (AF) q; order with U magnetic moments of
~ 0.4 upg, the so-called large moment antiferromagnetic
(LMAF) phase. Here, the tiny remanent AF order in the
pure URusSiy is usually called the small moment anti-
ferromagnetic (SMAF) phase. The influence of applied
magnetic field or substitutions effects are more compli-
cated. A strong magnetic field is necessary to suppress
the HO order and generate final Fermi-liquid behavior
via intermediate field-induced phases between 35 and 38
T with q;7 = (0.6 0 0)74Y

It has been demonstrated that few at.% substitution
of various transition metals (Re, Rh, Fe, Os, Tc) for Ru
destroy the SC and induce magnetic states. The dop-
ing weakens the HO state and transform it to long-range
magnetic order that is for different dopant different (the

AF order with q; = (1 0 0) being the most frequent
one)*8 Tn some cases the crossover between the HO
state and dopand-induced long-range magnetic order is
smooth (as in the case of Fe doping), in other cases a
gap between the two ground states exists (the case of
Rh)H4Y preceded by a tiny concentration region where
the LMAF phase seems to inhomogeneously coexist. Fo-
cusing on the case of Rh doping, a shift of the large crit-
ical fields of metamagnetic transitions to lower fields is
found™ U2l Ahove 4 % of Rh substitution for Ru,
no trace of HO state or long-range magnetic order can
be discerned 2. However, short-range AF correlations
start to develop around qr;; = (% % %) that condense
above 10 % of Rh for Ru into long-range AF magnetic
order with increasing phase transition temperatures™Y.
The low-concentration Rh region, where the HO coex-
ists with the parasitic LMAF, has been extensively stud-
ied in the past™¥ 1222 Also the higher Rh doping levels,
that exhibit magnetic order with high ordering tempera-
tures, have been inspected to a certain extend 23, How-
ever, the gap region where no HO or SMAF or LMAF
states are present, has been glimped using one 6 % Rh
crystal by Burlet et al*X. This region is most interesting
as it should be pure Fermi liquid, free of influences of
any long-range order and offers a possibility to disclose
the ”bare” behavior of heavy electrons in such lightly
doped Rh systems. This has motivated us to prepare a
high-quality U(Rug.g2Rhg 0s)2Siz single crystal (see the
resolution-limited rocking curve through the 1 1 0 nuclear
Bragg reflection in Fig. [I| and the grown crystal in the
inset of Fig. . As we will show below, it indeed does
not exhibit any sign of SMAF order or long-range order
associated with gy or qrrs, respectively. No signatures of
HO or SC down to 0.4 K is observed. However, a heavy-
fermion behavior remains intact, and since all the anoma-
lies connected with HO and SC phase are removed, this
”bare” heavy-fermion state resembles very strongly prop-
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FIG. 1. (Color online) Rocking curves through the 110 nu-
clear reflection as recorded on E4 at 50 K and 1.7 K. The
line segment at the bottom denotes the resolution of the E4
diffractometer at the scattering angle of the 110 reflection.
Full lines through the experimental points are the best fits to
a Gaussian profile. Note that the profile of the reflection is
clearly resolution limited documenting a high quality of the
single crystal.

erties of the pristine URu,Sis. Nevertheless, in contrast
to URu2Sis, it exhibits short-range order (SRO) at gyy;.
The SRO signal disappears at temperatures comparable
to Tgo. Our findings suggest that the heavy-fermion be-
havior is common to all the lightly doped URu5Siy sys-
tems and that the HO transition is a result of coherence
phenomenon within the heavy-fermion liquid.

II. EXPERIMENTAL

Single crystalline U(Rug.g2Rhg gs)2Sia has been pre-
pared by a modified Czochralski method from a stoichio-
metric melt in high purity Argon (6N) atmosphere. No
weight loss was detected, allowing us to denote the nomi-
nal Rh concentration as 8 %. The maximal diameter was
about 7 mm with the length of about 50 mm. No fur-
ther heat-treatment was applied after the crystal growth.
The Laue X-ray backscatter images revealed very sharp
reflections, along the c-axis, typical of four-fold symme-
try. This method has also been used also to orient the
crystal. We cut the oriented crystal using spark erosion
in three pieces of different dimension that were used ei-
ther for bulk measurements or neutron diffraction. Two
of them are shown in the left inset of in Fig.

Magnetization curves M (T) with the magnetic field
applied along principal directions were measured in the
temperature range between 1.8 K and 350 K using the
Quantum Design 14 T Physical Properties Measure-
ments System (PPMS), which is part of the Laboratory
for Magnetic Measurements at HZB. The static mag-
netic susceptibilities were calculated according x=M/H,
where H denotes the field strength from M (T) depen-

dencies.

Magnetic measurements were extended down to 400
mK using 3He fridge and a sensitive home-made ac sus-
ceptometer in a frequency range between 10 Hz and 10
KHz together with two magnet coil systems in order to
eliminate possible artifacts originating from the detection
system.

Specific heat was measured on two single crystal pieces
(12.5 and 3.5 mg, respectively) in zero field between 1.8
K and 100 K in the same PPMS using the heat capacity
option in fields up to 14 T.

Neutron diffraction data were collected on the E1, E2,
E4 and E5 instruments installed at the BER II 10 MW re-
actor of the Helmholtz-Zentrum Berlin. While the triple-
axis instrument E1 and the normal-beam E4 diffractome-
ter use the incident wavelength A = 2.41 A produced by
the PG (002) monochromator, on the flat cone diffrac-
tometer E2 we have used A = 1.21 A produced by the Ge
(311) monochromator. All the three instruments were
used to characterize the quality of our single crystal and
to follow and quantify the temperature evolution of the
short-range signal between 1.7 K and 30 K. The E5 four-
cycle diffractometer with Cu-monochromator selecting
the neutron wavelength A = 0.896 A was used to collect
a large data set to determine the structural details.

The triple-axis instrument E1 is equipped with a sin-
gle 3He-detector tube and PG analyzer leading good de-
tection rates and a possibility to filter-out inelastic pro-
cesses. We have used this instrument to separate a possi-
ble inelastic scattering contributing from the short-range
signal.

The E2 flat-cone diffractometer is equipped with four
two-dimensional position sensitive 3He-detectors (300 x
300 mm?). Two wide-angle rocking curves with the four
detectors shifted to fill gaps between them enable an ef-
fective mapping and detection of all the diffracted signal
not only within the scattering plane but also at signifi-
cant distance above and below it.

The E4 diffractometer is equipped also with a two-
dimensional position sensitive >He-detector. Its size of
200 x 200 mm? makes it suitable to follow the selected
signal as a function of an external parameter, in our case
the temperature.

The E5 data were collected with a two-dimensional po-
sition sensitive 3He-detector, 90 x 90 mm? (32 x 32 pixels)
at room temperature using a single crystal with the di-
mensions 4 x 4 x 4 mm? (see the smaller single crystal
shown in the left inset of in Fig. . The crystal structure
refinement was carried out with the program Xtal?4. The
nuclear scattering lengths b(Ru) = 7.21 fm, b(Rh) = 5.88
fm, and b(U) = 8.417 fm were used.*® For the absorption
correction (Gaussian integration) we used the absorption
coefficient ;¢ = 0.380 cm™!'. Secondary extinction has
been corrected using the formalism of Zachariasen (type

D).

On E1, E2 and E4, we have used both, the large and
smaller single crystals in the form of a truncated cone
and a semi cube, respectively (see the left inset in Fig.
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FIG. 2. (Color online) Plot of the observed versus calculated
nuclear structure factors of U(Ruo.92Rho.0s)2Si2 after the ex-
tinction correction (E5 data taken at room temperature). A
schematic representation of the ThCraSis crystal structure
adopted by U(Rui—;Rh;)2Siz is shown in the right inset.
The atoms are shown as large (red), intermediate (green) and
small (blue) circles stand for U, Ru/Rh and Si, respectively.
The two single crystal used in the diffraction experiments are
shown in the left inset.

3.

III. RESULTS
A. Crystal Structure

A wide-angle rocking scans with the [100], [001] and
[110] directions vertical collected using E4 diffractome-
ter revealed that except for additional short-range mag-
netic correlations present at low temperatures indexable
with qrrr = (% % %), all observed Bragg reflections are
compatible with the space group I4/mmm. Visible re-
flections are very sharp and resolution limited. Neither
of the nuclear reflections show sizable thermal variation.
As an example we show in Fig. [[]rocking curves through
the 110 nuclear reflection as recorded on E4 using the
larger U(Rug.g2Rhg 0g)2Si2 single crystal at 50 K and 1.7
K. The small shift in position is caused by the thermal
expansion of the .

The 100 reflection, that is for the paramagnetic space
group I4/mmm forbidden and which can appear only
as a consequence of an AF order (or crystal structure
transformation) has not been observed at high tempera-
ture nor at 1.7 K even after collecting the data for sev-
eral hours. The analysis based on the statistical error
analysis?® suggests that any dipole-like moment associ-
ated with SMAF order in our sample has to be smaller
than ~ 0.008 pp.

The details of the crystal structure at room temper-
ature were determined from E5 data set that contained

664 individual reflections (144 unique ones). It has been
confirmed that U(Rug.g2Rhg 0g)2Sis crystallizes in the
ThCrsSiy type of structure with the tetragonal space
group I4/mmm (No. 139). In this space group are the U,
Ru(Rh), and Si atoms at the Wyckoff positions 2a(0,0,0),
4d(0 ,%, %), and 4¢(0,0,2), respectively. The z parameter
for Si atoms is the only free positional parameter. The
refinement of the scale factor, the positional parameter
z(Si), and the anisotropic thermal parameters of the dif-
ferent atoms resulted in the residuals Ry = 0.030 defined
as Rp = Y (||F2 |- |F2|]) / S2(JF2 |). For the extinction
parameter g, which is related to the mosaic distribution,
we obtained the value g = 472(24) rad~!. The observed
versus calculated structure factors are shown in Fig. [2|
As can be seen, a satisfactory agreement is obtained. The
numerical results of the refinements are summarized in
Table Using the lattice parameters a = 4.0927(6) A and
¢ = 9.5387(16) A the shortest U-U neighbor are found
along the a-axis with separation equal to the a-axis lat-
tice parameter. There are four of such neighbors. Further
eight U next-nearest neighbors are found along the body
diagonal at a distance of 5.5786(10) A. Both principal
lattice parameters appear to be slightly smaller than pa-
rameters of the pure URu»Sis?% 2% what is surprising in
view of the effect of Rh doping under which the a-axis pa-
rameter shortens and the ¢ parameter expands™*%, The
most sensitive parameter of Rh doping is thus a change
in the ¢/a ratio which should increase with increasing Rh
content. Indeed, this ratio is for our sample by about 0.5
% larger than for pure URusSiz. We therefore attribute
the discrepancy in absolute values of lattice parameters
to the uncertainty of the incident neutron wavelength.
However, also the positional parameter of Si is slightly
different from a value of 0.3710 listed in the literature for
the pristine URusSi; determined at similar conditions.
Here, however, no information on the Rh doping effect
is reported so far. The calculated bond distance d(Si-
Si) amounts to 2.412(1) A which is ~ 2 % less than for
the pure URuySis. Let us note that we were unable to
determine reliably the stoichiometry of our sample due
to strong correlation among other free parameters, espe-
cially with extinction and thermal parameters. However,
we could confirm that the starting 8 % stoichiometry is
compatible with our neutron crystallographic data.

B. Magnetic bulk measurements

The temperature dependence of the
U(Rug.92Rhg 08)25i2  static magnetic susceptibility
Xx=M/H measured in 1 T applied along the a and c-axis
is shown in Fig. x(T) is very anisotropic with the
a-axis magnetic susceptibility xo(7) essentially tem-
perature independent at a level of 0.16 10~7 m®mol~!
in the whole range measured. For this direction no
analysis according to a Curie-Weiss (CW) law x.(T) =
C/(T - 0,), where C denotes the Curie constant and
0, the paramagnetic Curie temperature, is possible.



TABLE 1. Crystal structure parameters of a
U(Rug.92Rhg.0s)2Si2 single crystal as determined from
the E5 diffraction data at room temperature. The thermal
parameters U;; (given in 100 A?) are in the form expl-
27r2(U11hQa*2 + 2Uishla*c*)], where hkl are indices of the
relevant Bragg reflection and a™ and ¢* are reciprocal lattice
constants. For symmetry reasons the values Uiz, Uis, and
Uas of the atoms U, Ru(Rh) and Si are equal to zero in this
structure.

T = 297 K
S.G. I4/mmm
Atom Site x Yy z Uit = Uz Uss
U 2a 00 0 0.20(3) 0.47(4)
Ru/Rh  4d 0 1 1 0.24(3) 0.62(3)
Si de 0 0 037325(10) 0.37(3) 0.52(5)
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FIG. 3. (Color online) Temperature dependence of the static
magnetic susceptibility x=M /H of U(Rug.92Rhg.08)2Si2 sin-
gle crystal measured in 1 T applied along the principal axes.
In the left inset we show the temperature dependence of the
inverse magnetic susceptibility measured in 1 T applied along
the tetragonal axis together with the best fit to a Curie-
Weiss law to data above 300 K. In the right inset the low-
temperature detail of the c-axis magnetic susceptibilities mea-
sured in 1 and 14 T with field applied along the tetragonal
axis in zero-field cooled and field cooled regimes is shown.
Note that there is no sharp shoulder around 17 K as in the
case of the pristine URu2Sis.

For comparison, the x.(T) follows a CW law only in
the high-temperature limit. Above 300 K, the best fit
shown in the left inset of Fig. |3| by the solid line through
experimental x.(T') points yields C' = 1.9316 (5) 10~°
and a negative 6, = -20.6 (8) K. The effective magnetic
moment per uranium atom of 3.51 (1) pup derived from
the Curie constant is close to both, the effective moment
found for the pure URusSiy system along the c-axis and
the effective moment expected for a localized U3t or
U** configurations (3.58 and 3.62 up, respectively).

As the temperature is lowered, the y.(T') deviated pro-
gressively from a CW behavior, exhibits an maximum
around 46 K and decreases strongly at lower tempera-
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FIG. 4. (Color online) Field dependence of the
U(Rug.92Rho.08)2Si2 single crystal magnetization measured at
various temperatures between 1.8 K and 60 K with field ap-
plied along the a and the c-axis. Note the nearly linear M — H
behavior throughout.

tures. It has a weak smooth inflection point around 15
K and saturates eventually around a value of 0.85 10~7
m>mol~! in the low-temperature limit. This value is six
times larger than the value found for x, at low tempera-
tures and by ~ 40 % larger than y. at low temperatures
observed for pristine URusSis.

The magnetic susceptibility along the c-axis, x.(T) is
in the high-temperature limit independent of the applied
field. At lower temperatures, however, differences are
visible. First, the temperature at which the x.(T) ex-
hibits maximum shifts slightly to lower values. At 14 T
it is found around 43 K. Second, x.(T") shows slight field
dependence. Its values measured at 14 T are generally
lower above 60 K and larger below this temperature with
respect to 1 T values. At lower fields, there is also a his-
tory dependence manifested by a tiny splitting of zero
filed cooled (ZFC) and field cooled (FC) x.(T') curves
measured at 1 T that merge again around 10 K. With
increasing field the difference between the FC and ZFC
curves vanishes. These observations are documented in
the right inset of Fig.

AC susceptibility measurements down to 400 mK per-
formed in a wide frequency range did not revealed any
anomalies that would suggest any HO, magnetic or su-
perconducting phase transition. So, although the overall
temperature dependence of both, x,(7T) and x.(T) re-
sembles very strongly the behavior of URusSis, no phase
transitions down to 400 mK can be detected in the case
of U(Rug.92Rhg 0g)2Si2.

In Fig. 4] we show the field dependence of the magneti-
zation measured along the c-axis (a-axis) between 1.8 K
and 60 K (50 K) in fields up to 14 T. Clearly, the response
along the c-axis is much larger than along the a-axis. The
response to the magnetic field along the a-axis is nearly
temperature independent in the measured range, whereas
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FIG. 5. (Color online) The zero-field low-temperature de-

pendence of the U(Ruo.92Rho.08)25i2 electrical resistivity for
current along the a and the c-axis together with the best fit
described in the main text. In the inset the electrical resis-
tivity measured along the a-axis and the c-axis in the whole
temperature range in zero field and 14 T applied along the
tetragonal axis is shown.

for the c-axis it is nearly a factor of two stronger than
at 1.8 K. These findings are in agreement with magnetic
susceptibility results and establish a huge magnetocrys-
talline Ising-like anisotropy in U(Rug.g2Rhg 0g)2Sia sim-
ilar to URusSiz. Absence of any anomalies up to 14 T
along both directions suggest that U(Ru;_,Rh,)2Sis re-
mains paramagnetic even at 14 T. However, we note that
the magnetization does not increase strictly linearly with
field. There is small but finite concave shape of magneti-
zation curves up to 50 K (compare in Fig. [4] for instance
magnetization recorded at 40 K and 50 K with curve at
60 K). For the a-axis direction is the response linear at
all temperatures.

C. Electrical Resistivity

In the inset of Fig. [5| we show the electrical resistivity
for current along the a and the c-axis measured in zero
and 14 T external field applied along the tetragonal axis
in the temperature range between 2 and 350 K. p(T) is
along both directions rather large at high temperatures
and very anisotropic in the whole temperature range. At
350 K, the electrical resistivity measured along the c-
axis, pe, reaches ~ 240 pflem™', while the a-axis value
pa is about 40 % larger. Both, p.(T") and p,(T') increase
upon lowering the temperature indicating a formation
of a heavy-fermion state, exhibit a maximum at slightly
different temperatures and decrease strongly below 50
K to level-off in the low-temperature limit. No anoma-
lies indicating phase transitions are visible. While p, (T")
shows a maximum at 55 K, p.(T) peaks at higher tem-
perature of about 75 K. The ratio p,/p. increases upon
lowering the temperature very slightly and attains a max-

imum around 55 K. The high-temperature anisotropy is
smaller than the anisotropy found for URusSisY (where
pa is about twice as large as p.), however, it remains
in U(Rug.92Rhg.0g)2Sis finite also in the low-temperature
limit, where the anisotropy for the pristine compound
vanishes. The residual resistivity is large most probably
due to the disorder caused by the Rh substitution.

The low-temperature parts with current along both di-
rections, shown in the main panel of Fig. cannot be
described by perfect Fermi-liquid dependence of the form
p(T) = po + aT™ , n = 2.0. The best fit to data between
2 and 10 K yields n ~ 2.2 for both directions. Even bet-
ter agreement with data in the same temperature range
is obtained for expression p(T) = po + aT? + bT(1 +
2T /A)e=2/T. This formula has been introduced in or-
der to account for the influence of an energy gap A in
the dispersion relation of magnetic excitations caused by
strong electron-magnon coupling®!' and was also used in
order to describe the electrical resistivity behavior of pure
URu,Si?2. The best fits to this formula between 2 K
and 10 K are shown in Fig. [5| by solid lines through the
experimental points. The smooth p(T") behavior elimi-
nates any possibility of HO or SC phase transitions. For
numerical results see Appendix.

D. Magnetoresistance

The effects of the external field on the electrical resis-
tivity of U(Rug.92Rhg 8)2Siz are very anisotropic. While
the application of field along the hard magnetization a-
axis leads to identical temperature dependencies, for the
field applied along the c-axis we observe readily observ-
able changes. This is displayed in the inset of Fig.
Small shifts of temperatures where maxima in p(7T) oc-
cur are detected. At 14 T the p,(T) and p.(T) maxima
shift to about 60 and 73 K, respectively. The field in-
creases (decreases) the resistivity at temperatures below
(above) 30 - 35 K along both directions. This leads to
a magnetoresistance of opposite signs below and above
this temperature. (por-p14r)/por is shown in Fig. @
For the 14 T it reaches 18 % around 8-10 K for both di-
rections. The detailed temperature dependence of p(T)
in magnetic fields is also modified. In 14 T (in contrast
to zero field) it can be, however, described by p(T') =
po + aT? dependence suggesting a full restoration of the
heavy Fermi liquid behavior. For numerical results see
Appendix.

While there is nearly no field dependence along the
a-axis, the electrical resistivity is strongly affected by a
field applied along the c-axis. In Fig. [7]we show the mag-
netoresistance of the U(Rug.g2Rhg 0g)2Si2 single crystal
measured with the current along the a and ¢ axes at var-
ious temperatures as a function of field applied along the
c-axis. Except for 10 and 15 K (shown in the inset of
Fig. @a) there is no hysteresis between field sweeps up
and down only increasing field curves are shown. Hys-
teresis is found for both current orientations only between
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FIG. 6. (Color online) The temperature dependence of the net
magnetoresistance between 14 T applied along the tetragonal
axis and the zero-field state between 2 and 100 K.

10 and 15 K.

At low temperatures the electrical resistivity increases
with the applied field B = poH and decreases at tem-
peratures above 30 K (see also Fig. @ for both cur-
rent orientations. At low temperatures the field depen-
dence cannot be described quadratically in the form (pg
- por)/por = aH™ , n = 2.0. This is in contrast to the
pure URusSis that is reported to exhibit the quadratic
dependence®?. Instead, our sample’s magnetoresistance
can be fit by an expression (pg - por)/por = aH +
bH?. The temperature dependencies of fit parameters
from best fits are shown in the inset of of Fig. [(p. The
“a” parameter (linear in field) is negative below 15 K and
positive at all temperatures above this temperature. The
“b” (quadratic term) is at first positive, increases with
increasing temperature, peaks around 15 K and decreases
above this temperature. It changes its sign, reaches large
negative value around 40 K and decreases in absolute
value with further increasing temperatures. Both param-
eters exhibit qualitatively the same behavior for the two
current orientations and it can be seen that at tempera-
tures above & 70-80 K the linear term diminishes and the
“c”-axis field dependence according to (pg - por)/por =
aH™ with n = 2.0 is restored.

E. Specific Heat

The temperature dependence of the specific heat down
to 1.8 K is shown in Fig. No signature of any phase
transition can be discerned in the whole temperature
range. This observation is in accord with the magnetic
and electrical resistivity bulk measurements and docu-
ment clearly the absence of the hidden order. The spe-
cific heat C' can be best fit between 1.8 K and 30 K to
a formula C' = T + BT? + dexp~2/T, where v denotes
the electronic low-temperature specific heat coefficient, 3
relates to the Debye temperature 6p via expression 63,
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FIG. 7.  (Color online) The field dependence of the
U(Ruo.92Rho.08)2Si2 single crystal measured with the current
along the a-axis (a) and the c-axis (b) at various tempera-
tures as a function of field applied along the c-axis. Full lines
represent best fits to expression (pm - por)/por = aH + bH?.
In the inset of panel (b) we show the temperature dependence
of the fit parameters to this formula for both electrical cur-
rent orientations. In the inset of panel (a) we document a
hysteretic behavior for current along the a-axis that is found
for both current orientations only at 10 and 15 K.

= 12*7*R/53 and A denotes an energy gap in the pu-
tative dispersion relation of magnetic excitations>l. The
best-fit parameters to this formula yields v = 111.9 (3.9)
mJ /(mol K?), §p = 181(1) K and A = 13.6 (7) K.
The gap value is significantly lower than the value of
115 K found for the pure URu,Sis!' and again suggests
the absence of HO and SC in the present system. Let
us note that the expression that neglects the gap term
deviates from experimental data between 2 and 15 K.
However, the deviation is small (less than 1 %) and, at
maximum, amounts to ~ 15 mJ /(mol K). The difference
between the “non-magnetic background” approximated
by the formula without the gap term and measured spe-
cific heat can be interpreted as a contribution due to fluc-
tuating magnetic moments. Magnetic entropy obtained
by integration of this difference divided by temperature
up to 15 K is tiny and amounts at most to 4¥*10~* RIn2.
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FIG. 8. (Color online) The temperature dependence of the
U(Rug.92Rho.08)2Si2 specific heat together with the best fit
containing an exponential term (see the main text). In the
inset the low-temperature detail of the C/T ws. T? depen-
dence is shown along with the best fits to a linear (solid, blue
line) and power-law (dashed, red line) dependencies, respec-
tively.

In the inset of Fig. we show the low-temperature
detail of the C'/T vs. T? dependence. As can be seen, ex-
perimental data show progressively downward curvature
at the lowest temperatures. This is also a reason why
it is not possible to deduce the low-temperature specific
heat coefficient using the usually used expression C/T =
~v + BT?. However, above =~ 17 K the data follow rea-
sonably such a dependence. The best fit to data between
17 and 27 K yields v = 125.6(1.6) mJ /(mol K?) and 6p
= 177(2) K. This fit is shown in the inset of Fig. |8 by
the full (blue) line. The curvature of the data below 15
K can be accounted for by a power law in the form C/T
= v + BT™. The best to this expression between the
lowest temperature and 14.5 K yields a lower value of ~
= 92.2(1.7) mJ /(mol K?) and n = 0.40(2) K.

In Fig. [0 we show the low-T detail of the field depen-
dence of the specific heat as a function of temperature
measured at various magnetic fields applied along the c-
axis. Such appears below 15 K C(T, H) and increases
with increasing field in a non-linear fashion. At constant
temperature the field dependence can be described by
a power law according to C(T) =~ Cor + bH™ with n
dependent on the field. n is close to 1.90 at 2 K and
decreases slightly with increasing temperature. At 7 K it
amounts to 1.7. Above this temperature the parameter
n decreases faster and approaches zero around 14 K. At
higher temperatures the specific heat seems to decrease
marginally with increasing field. Apparently, the mag-
netic entropy Sp,.g calculated by integration of the spe-
cific heat from which the “nonmagnetic” background has
been subtracted and divided by temperature between the
lowest temperature and 14 K at particular field increases
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FIG. 9. (Color online) The temperature dependences of the
U(Rug.92Rho.08)2Si2 specific heat measured at different mag-
netic fields applied along the tetragonal axis. In the inset the
magnetic entropy calculated by integration of data shown in
the main panel (from which an estimate of a non-magnetic
analog contribution has been subtracted) divided by the tem-
perature up to 14 K is shown.

with increasing field (see the inset of Fig. @ The depen-
dence is again non-linear. At low fields Sy,q4 quadrat-
ically increase as a function of the applied field, above
~ 4 T the dependence changes to a linear one. At 14 T
the magnetic entropy amounts to 0.047 Rin2 per formula
unit.

F. Short Range Magnetic Order

In Fig. a) and (b) we show the reciprocal (hhl)
plane of the U(Rug.g2Rho.s)2Si2 single crystal as mea-
sured using neutron diffraction technique on the E2 in-
strument at 1.8 K and 20 K, respectively. As can be seen,
at 2 K, apart from nuclear Bragg reflections, we also ob-
serve an additional, weaker and broader, signal at places
that are indexable with q;;; = (% % %) This signal has
clearly Lorentzian profile and at low temperatures its full
width at half maximum is three to four times larger than
the width of the nuclear reflections that have Gaussian
profiles. This fact is documented in Fig. a) and (b)
(please, compare with the 110 nuclear reflection shown
in Fig. , where we show representative reciprocal scans
along [h h 0] and [0 0 [] directions through the (3 1 1)
reciprocal space position as measured on the E4 diffrac-
tometer. Both scans can be fit to a Lorentzian profiles
with the full width at a half maximum being about four
times larger than the resolution. The correlation lengths
are found to be ~ 100 A perpendicular to the c-axis and ~
200 A along the tetragonal axis. This indicates that this
magnetic signal is not due to a long-range magnetic order
but short-range order (SRO). Such SRO has been pre-
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FIG. 10. (Color online) Diffraction patterns of the

U(Rug.92Rhg.08)2Si2 single crystal measured at 1.8 K (a) and
at 20 K (b) in the (hhl) orientation using E2 diffractometer
transformed into the reciprocal space. Note that this instru-
ment senses a significant portion of the reciprocal space also
above and below the scattering plane. Sharp strong nuclear
Bragg reflections of the crystal main phase are observed along
with broader features indexable with qr;r = (% % %) qrir

and -grrr are shown in (a) by arrows.

viously observed in U(Ru;_,Rh,)sSis single-crystalline
sample with z = 0.06-. However, correlation lengths
in our system are significantly larger. This agrees with
the general tendency towards AFM order with increasing
doping of Rh for Ru. With increasing Rh content beyond
our 8 % Rh crystal, the magnetically ordered phase ap-
pear and the transition temperature increaseé1*22. In our
system, however, no phase transition down to 0.4 K has
been detected.

As the temperature is increased, the SRO intensity de-
creases. No traces of SRO could be observed neither in
the E2 nor in the E1 or E4 data taken above 20 - 25
K. The temperature dependence of the peak intensity at
the (5 5 =) position as measured on E1 and E4 is shown
in Flg i As can be seen, it decreases with increasing
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FIG. 11. (Color online) Diffraction pattern taken around the
h = % k= % = % position at 1.8 K and at 25 K as measured
on the E4 diffractometer. (a) Reciprocal scan along the [h
h 0] direction. The scan along the [0 0 [] direction is shown
in panel (b). Full line through the experimental points are
best fits to a Lorentzian profile. The short black line (“H”)
at the bottom shows the instrument resolution at the current
position.

temperature and exhibit an inflection point around 7-8 K
with a long tail at higher temperatures. The background
level is reached at lower temperatures on E1 as compared
to E4 data. Nuclear Bragg reflections are shown in the
same temperature range without a broadening or tem-
perature dependencies. As the E4 instrument detects all
the scattered neutrons irrespective of their energy, this
observation suggests that some portion of detected neu-
trons at this reciprocal space position undergo inelastic
scattering process. This is documented in the inset of
Fig. which show the constant- @ energy scan at the
(3 1 2) position at 1.7 K and at 21 K recorded using
the E1 spectrometer. It is apparent that the signal seen
at the lower temperature is present within the whole en-
ergy window of the E1 spectrometer. Nuclear Bragg re-
flections, on the other hand, are much narrower in the
energy and fit into this window entirely. This suggests
that the magnetic signal is quasielastic in nature but ex-
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FIG. 12. (Color online) Temperature dependence of the

diffraction intensity taken at the h = % k= % l= % reciprocal
space position between 1.7 K and 21 K. In the inset we show
an energy scan through this position using the tripple-axis
spectrometer E1 at 1.7 K and 21 K.

tends most probably also outside the E1 energy window.
This intensity, not detected at E1, is however collected
on E4, thus causing the difference in the temperature
dependences seen using the two instruments.

IV. DISCUSSION AND CONCLUSIONS

Based upon our detailed and systematic bulk measure-
ments of single crystal U(Rug g2Rhg og)2Si2 we have ver-
ified its heavy Fermi liquid behavior over the entire tem-
perature and field ranges. However and most important,
our 8 % Rh substituted crystal does not exhibit any sort
of phase transition or long-range order down to 0.4 K. In-
stead, according to our neutron scattering experiments,
it displays short-range order of the q;;; = (3 § %) wave
vector with a correlation length of 100 A(in plane) and
200 A (along the c-axis). The qr;; propagation vector is
distinctly different from the g; = (1 0 0) characterizing
the parasitic SMAF:#3452 (Fe or Os doping or pressure
induced LMAF) or q;; = (0.6 0 0) propagation vector of
the very high field spin density wave (SDW) observed in
pure URu»Sig™Y. The long-range character of the g;;; AF
order appears at slightly higher Rh concentrations**2
not reached in our 8 % Rh-doped crystal. Thus we have
destroyed the HO and superconductivity with Rh sub-
stitution allowing a pure heavy Fermi liquid to remain.
This then begs the question: How does this rather dilute
Rh substitution (one extra 4d electron) affect the band

structure and Fermi surface?

U(Rug.92Rhg g8)2Sis is similar to the heavy fermion
behavior of URusSiy in its field dependences at least
up to our 14 T limit. Strong Ising- like anisotropy is
formed along the c-axis with little or no field effects in
the plane. Since there are no orderings in our crystal, the
applied field only quantitatively induces small changes
in the magnetization, specific heat and resistivity. Our
maximum field of 14 T is insufficient to create the new
magnetic state (grr) that we expect to appear above 22
T. Here such high field magnetization and neutron ex-
periments are planned.

The interesting observation of q;;; short-range order
that is absent in undoped URuySiy (where parasitic SRO
with g is found) must be further studied. Our prelim-
inary indications of magnetic fluctuations in the inelas-
tic neutron scattering point to a precursor of the higher
Rh concentration magnetic order found in Ref!1H2, Fi-
nally we note the difference between Rh-tuning (leading
to magnetic order with gyss), pressure tuning (magnetic
order with gr) and field tuning (characterized by gqrr) of
the HO behavior of URusSis towards LMAF: An intrigu-
ing problem for theoretical consideration.

V. APPENDIX

As the temperature dependence of the electrical re-
sistivity deviates from the quadratic dependence, we
have utilized formula®® p(T) = po + aT? + VT(1 +
2T /A)e~2/T that was used previously for the pristine
URusSig32. These fits provide an excellent description
of the temperature dependences both, along the a and ¢
axis. The best fits between 2 and 10 K yield pg (0 T) =
95.7(2) u2em, a, (0 T) = 0.35(5) pQemK 2 and A, (0 T)
= 7.7(1.3) K for the a-axis direction and pg.(0 T) =
66.8(1) uQdem, a.(0 T) = 0.25(2) pQemK =2 and A.(0 T)
=10.7(1.8) K for the c-axis direction, respectively. They
are shown in Fig. [5| by solid lines through the experimen-
tal points. Values of A parameters are for our sample
significantly lower than for pristine URugSiz=2.

The field dependence of the electrical resistivity in 14
T applied along the c-axis is of the p(T) = py + aT?
type. The best fit to this dependence between 2 and
10 K yields pg,,(14 T) = 106.4(3) pQem and aq(14 T) =
0.713(5) uQemK 2 for the a-axis direction and pg (14 T)
= 72.9(1) pQcm and a.(14 T) = 0.442(3) pQemK =2 for
the c-axis direction, respectively.
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