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Low-temperature magnetic phase of UCyGe,: A macroscopic, mesoscopic,
and microscopic study
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In order to resolve the controversy over the low-temperature magnetic phase gB&@e susceptibility,
neutron-depolarization and neutron-diffraction measurements have been carried out on a well-annealed poly-
crystalline sample. Our measurements reveal thatj@8uremains ferromagnetic at all temperatures below
(107 K), but in the temperature range, 25—45 K, the system seems to have a randomly canted ferromagnetic
phase.

I. INTRODUCTION In order to resolve the controversy over the low-
temperature magnetic phase of the YGeg system and

The 1-2-2 uranium intermetallic compounds with hence to throw more light on this unusual magnetic system,
ThCr,Si,-type crystal structure have drawn much attentionwe have carried out macroscopic, mesoscopic, and micro-
with the discovery of the coexistence of superconductivityscopic studies on well-annealed polycrystalline YGeg
and magnetism in the URSI, system® The magnetic behav- samples. We seek to interpret our results of ac susceptibility
ior of various compounds belonging to the ThSi family ~ (macroscopi; neutron depolarization(mesoscopi; and
can be quite exoti€For example, in the U,Ge, compounds  neutron diffraction(microscopi¢ in the light of some theo-
(T=transition-metal atomn the magnetic moments(if  retical models.
present are usually found on thefSatoms, and not on the

i 3
transition metals (except UMnGe,). UFe,G ar_ld Il EXPERIMENTAL DETAILS

UCo,Ge, do not show any ordered magnetic pha8dt is

found that among all the T,Ge, compounds only UCiGe, The intermetallic compound UGGe, was made by re-

shows “double magnetic transition” as a function of peated melting of stoichiometric amounts of the constituent
temperaturé-® The unusual magnetic properties of elements of Cu and Ge of at least 99.99% purity and U of
UCu,Ge,, as a function of temperature, have been the subreactor grade in a purified argon arc furnace. The resulting
ject of several investigatiorfs.’ This system shows the onset ingots were annealed at 1100 K in vacuum for 6 days. Fol-
of ferromagnetism(FM) at a fairly high temperature 100— lowing the annealing, the buttons were crushed into fine
110 K2~7 However, there are conflicting reports about thepowder and characterized by x-ray diffraction at room tem-
nature of magnetic ordering at low temperatufleslow ~60  perature.

K). Some authors claim that the low-temperature phase is The real part of the ac susceptibilify,) measurements
antiferromagnetic (AFM) as is inferred from their were performed on this polycrystalline sample in the tem-
macroscopic®’ ac susceptibility, magnetization, and resis- perature range 12—300 K by using an APD closed-cycle he-
tivity measurements and microscopic neutron-diffractfbh  lium refrigerator with Meissner coil assembly employing an
studies. The FM-to-AFM transition temperature is, howeverEG&G PAR (model 5208 lock-in analyzer. The ac magnetic
reported to be at variance, e.g., 25-46 K3 K2 or 65 K®  field and frequency were 5 Oe and 80 Hz, respectively.

No AFM phase was reported down to 10 K in Ref. 8. Mea- The one-dimensiona(1D) neutron-depolarization mea-
surements of low-field dc magnetization showed that thesurements were carried out using the neutron-polarization
magnetization decreases below 60 K, but does not comanalysis spectrometéPAS) at Dhruva reactor, Trombag\
pletely vanish even at 5 KThis feature has also been seen=1.201 A). The detailed description of the spectrometer has
by Dirkmaat et al® in their magnetization measurements. been given in an earlier pap€rThe zero-field-cooledZFC)

The exact nature of the FM-AFM transition, which was and field-cooledFC) neutron-depolarization measurements
found to be broad; is also not known. Recent measure- were carried out using the same procedure as described in
ments of the frequency dependence of low-field complex aour earlier papelt A flat rectangular aluminum sample
susceptibility, including both linear and nonlinear responsesholder of effective thickness 1 mm was used for these depo-
showed various features of a random magnetic orddidng larization measurements. The powder samples used were in
spin-glass-like behavipin the FM-AFM transition tempera- the form of compressed pellets. The temperature of the
ture range of 55-80 R. sample was varied between 10 and 300 K in a closed-cycle

0163-1829/96/53)/28(4)/$06.00 53 28 © 1996 The American Physical Society



53 BRIEF REPORTS 29

helium refrigerator and controlled to better than 0.1 K. In

ZFC measurements the sample was cooled from room tem- 2 1o 5 (@
perature down to 10 K in zero field. A field of 28 Oe was Z g’ i
applied at 10 K, and then the ZFC depolarization measure- 2 0.6 x —
ments were carried out in the warming cycle after giving < L R .
adequate pause at each temperature, for thermal stability. For xg' ozl r‘f . |
et Kecn HXRXU XXX XK K XX XXX

the FC case, the sample was first cooled from room tempera-

ture down to 10 K in the presence of the same fixed field, as £

was applied for measurement in the ZFC case, and then mea-

surements were carried oukeeping the field onin the

warming cycle as in the ZFC case. In all cases, the external

field was applied along the-z direction using an electro-

magnet. R
Neutron-diffraction measurements were carried out over

the temperature range of 10—-300 K on the PAS in the two-

axis unpolarized mode and with no external magnetic field

on the sample. The room-temperature diffraction pattern was

recorded using an-12 g sample in a cylindrical vanadium .

container, whereas all low-temperature measurements were 0 100 200 300

carried out using the same amount of sample with a cylin- TEMPERATURE (K)

drical aluminum sample holder.

FIG. 1. (a) Temperature dependence of the real part of the ac
susceptibility, measured at=80 Hz and atH,.=5 Oe. (b) Polar-
IIl. EXPERIMENTAL RESULTS AND DATA ANALYSIS ization ratioR vs temperature in the UGGe, compound. The data
theare obtained in heating cycles under zero-field-coolargss point
and field-cooling(open circle conditions with a field of 28 Oe for
1-mm-thick sample. The solid lines are just to guide the eyes.

The x-ray-diffraction measurements exhibited
ThCr,Si,-type crystal structure with no detectable impurity
phase. The room-temperature neutron-diffraction patter

(paramagnetic phaswas analyzed using the Rietveld profile

refinement techniqu¥ The structure was confirmed to be found to be same, which shows that there is no depolariza-
tetragonal, space grougt/mmm with lattice constants of ton in the paramagnetic phase, as expected from the theory
a=4.0582) A and c=10.2315) A. The fitted position pa- of neutron depolarization. Both ZFC and FC transmitted po-
rameter ¢) of the germanium atom is 0.38@QB. These larizations show a continuous drop below about 107 K and

structural parameters are in good agreement with those pulgdtain their constant values below about 40 K. ZFC depo-
lished in the literatur&® Refinement also shows that the larization shows a deviation from FC depolarizatiorT at70
K

composition is stoichiometric. -

The temperature dependence of the ac susceptibility is Figure 2& shows the temperature dependence of the
shown in Fig. 13). Measurements show a very sharp peak afneasured integrated mtens_(ﬂ){m) of the (101) fundamental
107 K followed immediately by a steep but continuous dropPaK. line Shows a sharp rise below about 107 K, clearly
at lower temperatures with a shoulder around 45 K. indicating the onset of ferromagnetic ordering. It is interest-

The neutron-depolarization technique probes the magnetif!d © note that , reaches its maximum around 55 K and
inhomogeneity on a mesoscopic length s¢dfé®As a re- then de_creases slightly and appears to again incfgasea
sult, the magnetic inhomogeneity on an atomic scale, as in 8mall dip, around 30 Kand reaches almost to a value, ob-
true spin-glass state, has no effect on the neutron polariz£erved at 55 K without any change of peak width. The same
tion. Similarly, no depolarization is expected in a paramag®ehavior has been observed for #1&0 fundamental peak
netic state because the temporal spin fluctuation is too fasfid- 2b)]. Neutron-diffraction patterns recorded at different
(107*2 sec or fasterfor the neutron polarization to follow t€mperature¢T =10, 30, 45, 60, and 80 Kup to the lowest
the variation of the magnetic fielB acting on the moving Q. Sin @#/A=0.025 A", do not show any additional reflection
thermal neutron. In antiferromagnets there is no net magnepesides the nuclegrThe magnetic contributions are mani-
tization: hence, no depolarization is expected. In an unsatufésted as increased intensities on top of all nuclear re_flectlons
ated ferromagnet or ferrimagnet, the magnetic domains exefxcept(00l). The measured ordered moment of uranium ob-
a dipolar field on the neutron spins, resulting in depolarizaained from (101) and (110 reflections is found to be

tion owing to the Larmor precession of the neutron spins in1-6+0.2ug at 10 K, which agrees well with the ordered
the magnetic field of the domains. moment observed in Ref. 5 at 4.2 K. The uranium form

In Fig. 1(b) the polarization ratioR) (Ref. 15 (ratio of factor for the 52 (U*") eIec;tron cqnfiguration was adopted.
transmitted intensities fof z to that of —z states of incident 1he absence of a magnetic contribution to (682 nuclear
neutron spily, which is a measure df-z transmitted polar- Bragg peak is clear from Fig.(@.
ization, is plotted as a function of temperature. This measure-
ment shows almost total depolarization from a few degrees IV. DISCUSSION
belowT. down to 10 K, the lowest measured temperature. It
is to be noted that at room temperatgparamagnetic phase Our ac susceptibility measurement on a well-annealed
the measured values & with and without samples were UCu,Ge, sampleFig. 1(a)] reveals that the transition from a
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The exact nature of ferromagneticlike correlation in

650 _%@"”}éoo (@) j U_CuQG_ez can be _WeII understood from the neutron-
a o diffraction results(Fig. 2). For all temperatures belov,
= §° (107 K), a magnetic Bragg contribution to the nuclear peak
> o0r o ) (without any change of peak widtiimplies the presence of
& °o°°§° long-range ferromagnetic ordering in this intermetallic com-
= 450 ! . ! pound over all temperatures below 107 K. Hence, from these
> % (b) two quite independent measurements, viz., neutron depolar-
D 9503 -1: . | ization and diffraction, using polarized and unpolarized neu-
& i MR trons, respectively, one can conclude that Y&g remains
E 3 ferromagnetic over the entire temperature range below 107 K
~ S00r . N (T.). However, the observed dip in the ferromagnetic Bragg
o * intensities of(101) and(110) reflectiong Figs. 2a) and 2b)]
= 8501 L | *¥eeeceeyd remains to be explained. Roy and Cdlemd Chakravarti
W 1200F (¢) et al® have speculated on the possibility of the coexistence
Zz of ferro- and antiferromagnetic ordering in the intermediate-
100} $383 3 & i 1 temperature region. It may be stressed that no
antiferromagnetic-satellite peaks have been found at interme-
diate temperatures in our studies. The possibility of the co-
1000 : ' y . existence of FM and AFM at othdlow and high tempera-
0 100 200 tures, viz., 10, 60, and 80 K, can also be ruled out as no extra
TEMPERATURE(K) L '

reflections(other than fundamentahave been observed at
these temperatures also. The possibility of uniform canting

UCu,Gs, as a function of temperaturéh) Temperature dependence rela.tlve .to the tetragonal axis (average magnetization d",
of peak intensity of the110) Bragg reflection of UCiGe,. (c) rection is also ruled out from the absence of any magnetic

Integrated intensity of thé002) Bragg reflection of UCyGe, as a  contribution to th¢002) nuclear Bragg pealFig. 2(c)]. So it
function of temperature. is clear from our diffraction studies that the observed loss of
ferromagnetic intensity in the intermediate-temperature
para- to a ferromagnetic state in this compound is very shargange 25-45 K neither appears as extra Bragg péahis-
The appearance of a knee around 45 K seems to be interegérromagnetic or satellijenor as a ferromagnetic contribu-
ing. Chelmickiet al? and later on Endstradt al* from their  tion to the (002) fundamental Bragg peak. This can be un-
neutron-diffraction r_e_sults on unannealed samples concludegbrstood to arise from the random canting of U moments
that there is a transition from FM to AFMAtype, ++——)  ith respect to the axis. As a result, whereas the longitu-
at a temperature-45 K. Rloy and Colesfound that the macT;- dinal componentsc-axis componenjsshow long-range fer-
ngé?'gceﬂeérgaéﬁs b/eMow i% §%§;t|g?ﬁg Iir':g:a(tzl?rrgﬁ ete Yomagnetic ordering, the transverse components do not show
5 KV peak™ - . any long-range ordering. In fact, there is no signature of

is suggested that the presence or absence of the AFM-I short-range correlation of these transverse components of U
type structure at low temperature lies in the exact samplg 9 P

preparation procedures. But it is to be noted here that thaPinS in our diffraction measurements. Thus our neutron-

unannealed UCBe, samplé also shows similar sharp drop iffraction study indicates that over the intermediate-
in v, behavior as our well-annealed one. In fact, magnetizalémperature range, where the dips in #1®1) and (110

tion studies also do not show much difference betweef€rromagnetic Bragg intensities are observed, the system
annealedl and unannealédsamples. Hence, as far as the S€eéms to have a random canted ferromagnetic structure. It is
macroscopic measurements are concerned, there is no diffd® be noted that there is some strong correlation between the
ence (at least qualitatively between annealed and unan- observed dip in the ferromagnetic Bragg intensity and the
nealed samples. It may be mentioned that the steep but coghoulder in they,. data.
tinuous drop irp(aclbelow the Curie point has been attributed In UCu,Gse,, the uranium $-wave functions are quite
by Roy and Colesto effects arising from the temperature- extended and hybridize substantially with the conduction
dependent anisotropy in the system. The presence of tenand, providing both itinerant character and strong electronic
perature dependent anisotropy in UGe, was also sug- correlation, and hence seem to possess essential requirements
gested by Drikmaatetal® from their ZFC and FC for the occurrence of such a randomly canted ferromagnetic
magnetization measurements. state. Recent susceptibilftynd magnetoresistani€estudies

The strong depolarization of the transmitted beam obon this system suggest that UfGe, seems to have a
served at all temperatures from 10 K up to a few degreestrongly random magnetic structure in the temperature range
below T, [Fig. 1(b)] gives direct evidence thdt) UCu,Ge,  between 50 and 80 K. Theoretically, the coexistence of FM
is certainly not in the pure antiferromagnetic state even aand AFM structure has been considered in strongly interact-
very low temperatures an@) that the ferromagnetic type of ing itinerant-electron systent$® In this theory the coeffi-
domain structure does exist at all temperatures bdlgwit ~ cient of the uniaxial anisotropic term is assumed to be a
is interesting to note that ZFC depolarization differs from FCpositive constant so that the easy axis is parallel teztheis,
depolarization aT <70 K. This difference may be attributed i.e., the uniaxial anisotropy direction. However, our bgth
to the effect of temperature-dependent anisotropies present and depolarization measurements indicate the presence of a
this systent. strongly temperature-dependent anisotropy. We believe that

FIG. 2. (a) Integrated intensity of th€101) Bragg reflection of



53 BRIEF REPORTS 31

if one includes such a strong temperature dependence of annnealed single-phase polycrystalline YGs,, in order to
isotropy into the calculations the phase diagram will getresolve the controversy over the low-temperature magnetic
modified and may provide a theoretical understanding of thghase. It is concluded thak) UCu,Ge, remains ferromag-
random ferromagnetic phase seen in the present study.  netic over the entire temperature range below 107TK) (
The randomly canted ferromagnetic phase formation caand (i) in the intermediate-temperature range 25-45 K the
also be understood within the framework of the anisotropicsystem seems to have randomly canted ferromagnetic order-
Ising model with competing interactioaxial next-nearest- jng which also supports the very recent magnetoresistance
neighbor Ising ANNNI) model.**°In this compound since resuits of this system. The role of observed strongly
the nearest-neighbor U-U separation is larger than the H"{emperature-dependent anisotropy in the Moriya-Usami
limit of 3.5 A, it is quite likely that the oscillatory character model, which may give rise to a randomly canted ferromag-

of a RKKY-type interaction is responsible for the magnetic__.. : - :
. d - . . t h th t te-t t (-4
ordering. This being so, the interaction should show a temrr;e ic phase in the intermediate-temperature ra >

: . 1} has been outlined. The possibility of the occurrence of
perature dependence. Depending upon the relative values Qlich randomly canted states within the framework of the
NN (J;) and NNN(J,) interactions, various magnetic order- ANNNI model has also been pointed out
ings are expected to occur. For example, when Bg#éndJ, '
are positive, only ferromagnetic order is possible. Antiferro-
magnetism occurs wheh, is —ve andJ, is +ve. WhenJ,
is —ve, other ordered phases can occur, wherein the mag-
netic ordering can be complex. Thus the observation of the

dip in the Bragg intensity may have an explanation within ) ) _
the framework of the ANNNI model. S.M.Y. thanks Dr. S. B. Roy for drawing his attention to

this interesting problem. It is a pleasure to thank Dr. K. R.

V. CONCLUSIONS Rao and Dr. B A..Dasannacharya for their interest and en-

couragement in this work. Thanks are also due to Dr. J. V.

Xac» Neutron-depolarizationboth ZFC and FE and  Yakhmi for y,. measurements and to Dr. P. Suryanarayana
neutron-diffraction measurements are reported on wellfor help with the sample preparation.
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