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Spin fluctuations and the magnetic phase diagram of ZrZp
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The magnetic properties of the weak itinerant ferromagnet ZaZe analyzed using Landau theory based on
a comparison of density-functional calculations and experimental data as a function of field and pressure. We
find that the magnetic properties are strongly affected by the nearby quantum critical point, even at zero
pressure; local-density approximation LDA calculations neglecting quantum critical spin fluctuations overes-
timate the magnetization by a factor of3. Using renormalized Landau theory, we extract pressure depen-
dence of the fluctuation amplitude. It appears that a simple scaling based on the fluctuation-dissipation theorem
provides a good description of this pressure dependence.
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The physics of metals near ferromagnetic quantum criticaindeed fail to describe some materials. A well-known ex-
points (QCP’9 has attracted renewed interest following sev-ample is found in strongly Hubbard correlated systems,
eral recent discoveries of materials with unusual still poorlywhere the LDA treats the correlations in an orbitally aver-
understood transport and thermodynamic properties, as wedlged mean-field way and underestimates the tendency to-
as unusual low-temperature states, particularly supercondugrards magnetism. Overestimates of magnetic tendencies, es-
tivity coexisting with ferromagnetisri.® From a generic, pecially in the LDA, are considerably less common, the
qualitative point of view, the phenomena are understood asxceptions being materials near magnetic QCP’s; here the
being connected with renormalization, scattering, and pairingrror comes from neglect of low-energy quantum spin fluc-
due to strong fluctuations in the ferromagnetic order paramtuations. Indeed, the LDA is parametrized based on the uni-
eter (i.e., spin fluctuations as the critical point is ap- form electron gas at densities typical for atoms and solids.
proached. Besides the mentioned superconducting transitiorlowever, the uniform electron gas at these densities is stiff
in clean samples of many weak itinerant ferromagnetic metagainst magnetic degrees of freedom and far from magnetic
als the magnetic transition near the QCP crosses over fro@CP’s. Thus, although the LDA is exact for the uniform
the second order to the weakly first order, although whetheelectron gas, and therefore does include all fluctuation effects
this happens in ZrZnis not yet established. The physics of in the uniform electron gas, its description of magnetic
this crossover is not clear yet. In any case, quantitative, maground states in solids and molecules is mean-field-like. This
terial specific understanding of these phenomena is still lackieads to problems such as the incorrect description of singlet
ing. states in molecules with magnetic ions as well as errors in

ZrZn, is a prototypical example of a weak itinerant solids when spin-fluctuation effects beyond the mean field
(Stonej ferromagnet. Very small magnetic moments are important. In solids near a QCP, the result is an overes-
(0.12u5—0.23ug) have been reported. These do not saturatéimate of the magnetic moments and tendency toward mag-
even at magnetic fields up to 35 T, indicating softness of theetism (i.e., misplacement of the position of the critical
magnetic moment amplitude and suggesting existence of softoint) due to neglect of the quantum critical fluctuatidfts!
longitudinal spin fluctuations. The Curie temperatifg ~ Examples include Sin,*? 7rzn,,® and SgRu,0,.%2
drops approximately linearly with pressure, starting atSpRu,O; displays a novel metamagnetic quantum critical
~29 K at P=0 and decreasing te-4 K at P=16 kbar;  point!* while, as mentioned, Zrznshows coexistence of
which extrapolates to a QCP Bt=18-20 kbar. The discov- ferromagnetism and superconductivity. The effects of such
ery of superconductivity in the ferromagnetic phassulted  quantum fluctuations can be described on a phenomenologi-
in renewed interest in this compound, including several theeal level using a Ginzburg-Landau theory, in which the mag-
oretical studiegRefs. 5-9 and othersThe relative struc- netic properties defined by the LDA fixed spin moment curve
tural simplicity of this compound and the availability of high are renormalized by averaging with an assungesually
quality experimental data as functions |f T, and P on  Gaussiah function describing the beyond LDA critical
clean samples suggest this material as a test case for devéllictuationst>*®Although a quantitative theory allowing ex-
oping understanding of quantum critical phenomena in fertraction of this function from first-principles calculations has
romagnetic metals. Here we focus on the magnetic properyet to be established, one can make an estimate based on the
ties, in particular, the renormalization of local-density LDA fixed spin moment curves as compared with experi-
approximation(LDA) results due to fluctuations. ment.

Density-functional theory is in principle an exact ground- LDA calculations of the magnetic properties of ZgZn
state theory. It should, therefore, correctly describe the spifRefs. 5—7 and 1)7are found to be sensitive to shape ap-
density of magnetic systems. This is usually the case in agroximations, possibly because of the very small energy
tual state of the art density-functional calculations. Howeverscales involved. In particular, atomic sphere approximations
common approximations to the exact density-functionalresult in smaller magnetizations than those found by more
theory, such as the LDA, may miss important physics andaccurate full-potential methods! In fact, it was found that
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full-potential calculations produce a Stoner factor~e1.16, 08] ~
as opposed to 1.01 in the atomic sphere calculations, indicat- 0.6 E
ing a stronger tendency to magnetism in the full-potential B o4 > N E
calculations-’ > " N £
Our full-potential LDA calculations for Zrznat its ex- = 02 A N u;
perimental volume yield a magnetization of Qui2per for- 0 ~ 5
mula unit — 3 to 4 times larger than experiment, reflecting a -02 N
crucial role for the renormalization of the magnetization due 0 50 IOOP (11(5831) 200 250
to beyond LDA fluctuations, presumably associated with the
QCP. FIG. 1. Unrenormalized LDA magnetic phase diagram: the solid

As mentioned, one can incorporate such fluctuations intdine is the calculated magnetic moment for those pressures where a
LDA calculations by renormalizing the Landau expansion formagnetic solution existéeft axig); the dashed line is the magnetic
the free energy with Gaussian spin fluctuations of a given;tabilization energyright axis, same scale as left axis but units are
rms amplitude(see Refs. 15,16 and references thereime mi!lirydberg). Note a m(_atamagnetic b_ehavior%k_lG_l kbar: there
latter can be obtained empirically, or estimated from the pa_eX|sts a magne_tlc solution, although its energy is higher than that of
rameters of the band structure with an ansatz to separate spiif "°nmagnetic state.

fluctuations included in the LDA from those neglected, as

. . : iven per formula unjt At this pressure the ground state
discussed in Ref. 16. Here we report renormalized Landa .
. . becomes nonmagnetic and the moment suddenly collapses to
functional calculations where one parameter, the rms ampli:

. RPN zero. The ferromagnetic state remains metastable whtil
tude of the beyond LDA fluctuations &=0, is taken as an — 2903, P=212 kbar. Thus, the LDA predicts not a QCP,

adjl_JstabIe parameter, dgter_mined by comparison V.Vith th? ®But a first-order transition at a pressure Bf161 kbar.
perimentalP=0 _magnetlzatlon, and use it to descrlbe,_ with- Leaving aside the question of the order of the transition, the
out further empirical pargmeters, Fhe pressure and field dq_—DA strongly overestimates the magnetization and has a
pen(:]ence of tr;e qune’uc properties of Z;rﬁn I much higher transition pressure than experiment, implying

. IT I'e LDA Cc? culations Wdere ldone using the genera;} detenén overestimate of ¢ as well. Additionally, the LDA yields

tial linearized augmented plane-wav@APW) method. e \yeakp dependence of the moment up to the fransition
chal-qrbltal extensions were mplude_d o accurately treabressure, while experiment finds moments that decrease con-
high-lying core states and avoid linearization ertdr€ The iderably withP until at leastP~16 kbar?

Hedin-Lundqvist exchange-correlation function was usedS To proceed, we use the fluctuation-renormalized Landau

W|th_von-Barth-Hed|n spin sca_lmff. The valgnpe_ and Zr _theory?® A large literature exists on this subject, for instance,
semicorep states were treated in a scalar relativistic approXipe review of Ref. 15. The basis of this theory is that the

mellltlorln_, Avgwe ﬂ;]e core d.s;aie; were treated IfuIIy drelgﬂwsn-main omission in LDA calculations is from long-range fer-
cally. sphere radiR=2.1a, were employed with a ., agnetic spin fluctuations, which are important near a

dimensionless basis set CUtoRKya,=9. Brillouin-zone  5cp“one writes the Landau expansion of the LDA total
samplings were done using the speé&igdoints method, with energy as

182 points in the irreducible 1/48 wedge of the zone. Con-

vergence tests were done, showing that these parameters 1

were adequate. For example, fixed spin moment calculations Elpa(M)=ag+ >, =—a,M?", 1
at the experimental lattice parameter were done using up to =1 2N

1300 points in the wedge, with very slight changes of less . . : .
than 0.0 in the magnetization. Calculations at the experi-and then introduces additional Gaussian zero-point fluctua-

mental lattice parameter were also done with a dif‘feren{Ions of a rms magnitudg for each of thed components of

sphere radiuR=2.4%,, again with negligible changes in he magnetic momentfor a three-dimensional material
magnetization. =3). After averaging over these, one obtains a fluctuation-

In order to construct the Landau expansion, we did ﬁxeocorrected functional. The general expressidfireads

spin moment calculations, determining the total energy as a 1

function of magnetic moment and volume, using seven lat- E M) =ant 3, M2n 2
tice parameters from 13aQ to 13.9, plus the experimental renormalized M) =20 nz’l 2n”2 @
lattice parameter of 13.9388.%% The variation of the energy

with volume yields a bulk moduluB= 1.0 Mbar, which we ~ nti-1

use to set the pressure sc&lsjnce there is no experimental aZH:E chit 132(n+)E2 11 (1+ ql

value in the literature to our knowledge. Using this value, the i=0 k=n

QCP atP=18-20 corresponds to a volume compression of ) o ) . )
1.7—1.9%. Two approaches are, in principle, possible at this point:

We now turn to the magnetic properties in the LDA. As One is to evaluaté using the fluctuation-dissipation theorem,
shown in Fig. 1, the magnetization drops slowly from
0.72ug at zero pressure (= 338&8) to 0.68ug at V , Ah e f do 1I 3
=29%3, P=161 kbar(all volumes and magnetizations are ¢ TQ q 27 2 m x (@, e), ©
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FIG. 2. Fixed spin moment calculations for lattice parameters F|G. 4. Magnetization as a function of pressure, calculated with
13.1%,, 13.3@y, 13.4%8,, 13.6@,, 13.75,, and 13.98,. Solid  the scaledt?, in an external fields of 0, 1, 2, 3, or 4 T.
lines are the sixth power fits according to Eij).

the prefactor. Following the arguments of Ref. 16, this pref-

however, this requires some knowledge of the susceptibilit@ctor scales with/ asV ™! in the effective-mass approxima-
x(9,), and a choice for the cutoff in the integration. This tion. Thus, in the first approximation we writé¢?(V)
choice gives the separation between the fluctuations ac= E2(Vo)Vo/V.
counted for in LDA from those missing. In the most pessi- In order to ensure stable fits, we have chosen the minimal
mistic view it converts one unknown parametginto an-  power in the expansion ofl), n=6. Figure 2 shows the
other, though it should be said that the cutoff may be muchyuality of the fits, which is quite good. The value &fV,)
less material and pressure dependent thieelf. The other that yields the experimental value of the magnetic magneti-
approach is to treat as an adjustable parameter. Here we arezationM =0.17 ug is then found to be(Vy) =0.5ug. Al-
interested in the magnetic phase diagram of Zritna pres-  though the resulting dependenceéadn V is relatively weak,
sure range corresponding to that where magnetism is ohts effect on the phase diagram is large: In Fig. 3 we show the
served experimentally, so it is possible to adjéigb repro-  (zero-temperatujeequilibrium magnetization in zero field,
duce the magnetic moment at ambient pressure and then uge a function of volume. One can see that neglecting the
it for the whole pressure range. The fluctuation-dissipatiorvolume dependence of leads to a QCP aP.~29 kbar,
theorem, though not used directly, is used implicitly to con-while using the above scaling, one gets a nearly exact value
struct an ansatz for the dependence of?: the lowest-order P.~15 kbar. We should recall, however, that this is the ide-

expansion of the bare susceptibility(q, ), alized phase diagram in zero field, while actual measure-
ments are performed in a small, but finite field. Near a QCP
Xo(q,@)=N(Ep)—ag’+ibw/q (4)  even a small field can change magnetization drastically, as

Figs. 4 and 5 illustrate. It is interesting to note that the meta-

gives rise, near a QCP, to the formi®e, e.g., Refs. 26 and magnetism present in the bare LDA calculations disappears

27) when the renormalization is included and as a result a QCP
2 ’ appears. In reality, it may be that symmetry breakings other
2:vaN(EF) [QYN(1+Q %) +In(1+Q%] than uniform ferromagnetism occur near the QCP and

2a20 ' change the transition to first order. It would be very interest-

ing to experimentally investigate whether this in fact is the
whereQ=q.Va/bvg, q. is a cutoff in the momentum space, case, and if so how close to the transition it occurs and what
Q) is the Brillouin-zone volume, andr andN(Eg) are the  the relevant order parameter is.
Fermi velocity and the density of states, respectively. The In summary, we report LDA calculations of the magnetic
expression in the square brackets depends on its argumegitergy of ZrZp under pressure. Our results demonstrate that
logarithmically, so the main volume dependence comes fronthe LDA substantially overestimates the tendency to magne-
tism in the whole experimentally studied pressure range.

0.15 This is an indication of strong quantum spin fluctuations,
0125 02} e
g o1 /M
S 0.075 = 0.15 /////”'—:—,—
0.05 > o /
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FIG. 3. Magnetization as a function of pressure, calculated from 4 H (T)é § 10
Eq. (2), using either a constamt=0.5u5 or with £2 scaled as the
inverse cell volumethe right curve. Dots show the experimental FIG. 5. Magnetization as a function of field; the pressures are
magnetization at zero pressure and the experimental critical pre§rom 0 to 20 kbar, spaced by 2 kbar, with alternating light and
sure. heavy lines.
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associated with the QCP. Using fluctuation-renormalized We are grateful for helpful discussions with G. G. Lonzar-
Landau theory, we find that spin fluctuations with a rms am-ch, C. Pfleiderer, and S. S. Saxena. We thank C. Pfleiderer
plitude of 0.5ug are needed aP=0 to obtain agreement for discussion of experimental data prior to publication.
with the experimental magnetization. We further find thatWork at the Naval Research Laboratory was supported by
using a simple scaling based on the fluctuation-dissipatiothe Office of Naval Research. The DoD-AE code and com-
theorem we are able to describe the phase diagram up to tipaiting time from the DoD ASC and ARL centers were used
critical pressure with a good accuracy. for some of the calculations.
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